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CHAPTER TWO: CONTINUOUS-FLOW CHEMISTRY FOR THE DETERMINATION OF 
COMONOMER REACTIVITY RATIOS 
Presented herein is an operationally simple and reliable approach to the determination of 
comonomer reactivity ratios using continuous flow. The benefits of continuous-flow chemistry include 
the precise control of reaction time, heat transfer, and the ability to dynamically alter continuous variables 
within a single experiment. The flow system produces nine samples reacted to low conversions with 
systematically varied comonomer compositions in under one hour. The polymer compositions were fit to 
a model of terminal copolymerization resulting in point estimates for comonomer reactivity ratios. The 
continuous-flow system was validated by the determination of five comonomer reactivity ratios that 
provided good agreement with literature values. The method is demonstrated to streamline the 
determination of especially challenging comonomer systems, such as those with fast kinetics or disparate 
reactivity. Using sustainably-derived lignin-based methacrylates, our continuous-flow approach enabled 
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the determination of reactivity ratios for three comonomer pairs that have not been previously reported. 
We envision the continuous-flow method will catalyze the further exploration of statistical copolymers in 
both batch and continuous flow. 
 
CHAPTER THREE: THE INFLUENCE OF RESIDENCE TIME DISTRIBUTION ON 
CONTINUOUS-FLOW POLYMERIZATION 
Continuous-flow chemistry is emerging as an enabling technology for the synthesis of precise 
polymers. Recent advances in this rapidly growing field have hastened a need for a fundamental 
understanding of how fluid dynamics in tubular reactors influence polymerizations. Herein, we report a 
comprehensive study of how laminar flow influences polymer structure and composition. Tracer 
experiments coupled with in-line UV–Vis spectroscopy demonstrate how viscosity, tubing diameter, and 
reaction time affect the residence time distribution (RTD) of fluid in reactor geometries relevant for 
continuous-flow polymerizations. We found that the breadth of the RTD has strong, statistical 
correlations with reaction conversion, polymer molar mass, and dispersity for polymerizations conducted 
in continuous flow. These correlations were demonstrated to be general to a variety of different reaction 
conditions, monomers, and polymerization mechanisms. Additionally, these findings inspired the design 
of a droplet flow reactor that minimizes the RTD in continuous-flow polymerizations and enables the 




CHAPTER FOUR: ACTIVE-LEARNING-GUIDED DISCOVER OF 19F MRI IMAGING 
AGENTS ENABLED BY AUTOMATED COPOLYMER SYNTHESIS 
 
The experimental validation and subsequent development of multi-functional materials is limited 
by both labor-intensive synthetic processes and the challenges of exploring large structure spaces 
comprised of multiple interdependent inputs. To overcome this problem, we report an automated flow 
platform coupled with an active learning algorithm to efficiently screen for high performing copolymeric 
19F MRI agents. Utilizing droplet flow, this reactor is capable of synthesizing 30 copolymer samples in a 
two-hour period. This experimental data was used to iteratively train two predictive ML algorithms 
capable of predicting 19F MRI performance and solubility of untested copolymers. After experimentally 
screening 397 copolymers (<0.9% of the total structure space) the algorithms converged on 13 samples 
that showed performance on par or exceeding current state-of-the-art 19F MRI agents. We believe the 
synergistic combination of automated synthesis and computer guided materials discovery will have far-
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CHAPTER ONE: INTRODUCTION 
 
This chapter was adapted in part from: Reis, M. H.; Leibfarth, F. A.; Pitet, L. M. Polymerizations 
in Continuous Flow: Recent Advances in the Synthesis of Diverse Polymeric Materials. ACS Macro Lett. 
2020, 9 (1), 123–133. 
The discovery, synthesis, and wide-spread use of synthetic polymers have had a revolutionary 
impact on society. These polymers are valued due to their versatility and often possess high strength, are 
light weight, cheap, and easily processable. As of 2015, global plastic production was measured at 381 
million tonnes a year and the cumulative plastic production within the last century has been estimated to 
be 7.8 billion metric tonnes, approximately one ton of plastic per person alive today.1 Despite plastics’ 
commercial success, it is clear there is vast room left for improvement. Commodity plastics of the 21st 
century will need to be more sustainable to lessen their negative impact on the environment while new 
specialty plastics will need to be multi-functional and custom tailored to solve unmet challenges in 
materials science.  
The discovery of next-generation polymers will likely require tools such as copolymerization and 
controlled polymerization techniques. Copolymerization is the process of covalently linking two or more 
monomeric building blocks into a single polymer.2 This powerful technique allows multiple different 
functionalities to be imbued into a single material and will be required to diversify the large number of 
homopolymers that dominate our current plastic economy. Adjusting the ratio of different comonomers 
enables further tuning of the final material properties. When done correctly, copolymerization 
synergistically combines the beneficial properties different comonomers into the final material. 
Controlled polymerization techniques such as Reversible Addition-Fragmentation Chain-Transfer 
(RAFT) allow precise control of the growing chain end by reducing the occurrence of premature chain 
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termination events. These controlled polymerization techniques allow modulation of polymer molecular 
weight and can facilitate the synthesis of polymers with incredible structural complexity.3–5 These quasi-
living polymerizations often retain end group functionality allowing for further modification and 
sequential monomer addition to create a rich variety of block copolymer architectures. Additionally, the 
use of controlled polymerization techniques allows further manipulation of the statistical monomer 
sequence, or microstructure, within a polymer.6  
The development of tools such as copolymerization and controlled polymerization techniques has 
exponentially increased the number of synthetically accessible polymer structures. Millions of unique 
polymers are synthetically accessible considering combinatorial variations in monomer identity, polymer 
molecular weight, molecular weight distribution, polymer microstructure, branching architectures, or even 
the addition of additional blocky components. The sheer number of possible combinations of synthetic 
parameters is both encouraging and daunting. Finding the ideal structure and composition, or rather one 
that is good enough, takes an incredible amount of knowledge, skill, luck, and experimental validation on 
the polymer scientists’ behalf.  
Unfortunately, traditional batch methods used to experimentally validate new polymers have 
remained largely unchanged in the last century and are iterative, labor-intensive, capricious, and low-
throughput. A paradigm shift in how we synthesize, analyze, and experimentally validate new polymer 
structures is required to efficiently explore the exponentially expanding accessible structure space.7 The 
research provided herein explores the use of continuous flow chemistry in tandem with automation and 
machine learning as methods to enable the efficient exploration of new polymeric materials. 
Performing chemical reactions using continuous flow reactors where the product is generated in a 
continuous manner holds many advantages.8–12 The continuous production of chemical components via 
reactions performed in a tubular reactor, for example, presents inherent safety improvements during 
highly exothermic processes. Heat dissipation is more easily realized in a tubular reactor, with high 
surface-to-volume ratios, than in batch reactors holding in some cases more than a ton of reactants. 
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Additional benefits include straightforward scalability, and as such continuous flow technology is 
increasingly applied in the manufacturing of commercial chemicals and polymers. Additionally, the 
selection and loading of individual reagents is often controlled by pump flow rates and can be easily 
automated. Continuous-flow reactors also show improved reproducibility compared to their batch counter 
parts. Coupled with the ability to automate reaction sequences, this improved reproducibility allows easier 
translation of optimized reaction conditions from one lab to another. Continuous flow chemistry also 
benefits from the ability to incorporate in-line analytical techniques during synthesis. The unique ability 
to incorporate real time analysis of the resulting product allows for interesting applications in automated 
reaction optimization with closed feedback loops between synthesis and analysis. 
The utilization of continuous synthetic processes is standard practice in several commodity 
chemical and polymer manufacturing arenas, but is typically limited to relatively simple processes such as 
the manufacturing of homopolymers and copolymers containing polyethylene terephthalate (PET) or 
polystyrene (PS). This is in contrast to the elegant continuous flow processes that produce complex 
molecules by telescoping multistep organic synthesis. The complementary development of both flow 
technology and synthetic methodology has enabled coupling reaction sequences that employ several 
orthogonal mechanistic transformations.13,14 The pharmaceutical industry has enthusiastically adopted 
continuous chemistry for both scale-up and library synthesis of diverse molecular scaffolds.15,16  
A growing number of publications have explored continuous flow’s advantages for synthesizing 
polymers on lab scale. For example, Iwasaki et. al demonstrated that flow reactors showed significant 
narrowing of molecular weight distributions for exothermic polymerizations such as the free radical 
polymerizations of acrylates and methacrylates. The high surface-to-volume ratio can mitigate hotspots 
that lead to autoacceleration. Compared to a 16.5 mL batch reactor authors saw a decrease in dispersity 
from 10.3 to 3.2 when moving to a continuous-flow setup for the free radical polymerization of butyl 
acrylate.17 Additionally, our group have shown that the high surface-to-volume ratio of continuous-flow 
reactors can be utilized to provide near instantaneous initiation and termination of thermally initiated 
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polymerizations.18 Another advantage of using continuous-flow reactors is the ability to incorporate in-
line analytic instrumentation along the flow path of the reactor. This allows real time measurement of 
reaction conditions and has been explored using a number of in-line analytic techniques including infrared 
spectroscopy, UV-vis spectroscopy, NMR spectroscopy, mass spectrometry, size exclusion 
chromatography, viscometry, and more. These in-line analytic techniques provide valuable real-time data 
on reaction parameters and been shown to be invaluable for rapidly screening reaction conditions. 
Utilizing automated feedback loops in tandem with in-line analysis provides the opportunity for 
automated synthesis of polymers with precisely targeted properties. For example, Junkers and coworkers 
utilized in-line size exclusion chromatography with an automated feedback loop that could manipulate 
pumps controlling monomer and RAFT chain transfer agent concentrations. Using this approach they 
were able to build a program that continuously monitored molecular weight and updated reactor 
conditions to create polymers with precise control of molecular weight.19 
Owing to continuous flow’s ability to telescope complex reaction sequences into a single reactor, 
several studies have explored utilizing continuous flow to synthesize complex block copolymers. Block 
copolymers are macromolecules composed of at least two sequences of different repeating units that are 
covalently connected.20 Polymers having immiscible blocks tend to self-organize into a variety of well-
defined nanostructures that make them attractive for a wide range of applications, from drug transport 
vehicles to selective membranes for separations.21,22 The multistep preparation of block polymers 
typically proceeds via individual reactions for each specific block which is collectively energy and 
resource intensive owing to iterative workup and purification.23 This is particularly true for block 
polymers in which mechanistically incompatible monomers are incorporated. This is often accompanied 
by the need for additional functionalization steps to convert end-groups into appropriate initiators for 
subsequent transformations. Translating these reactions into continuous flow can ease the experimental 
burden of synthesizing these block copolymers. Junkers and coworkers demonstrated an example of this 
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with the RAFT polymerization of multiblock copolymers in flow.24 A number of other illustrative 
example of block copolymerization in flow can be found in a recent review25 
Continuous flow can also be useful in polymerizations with rapid kinetics. While a high surface-
area-to-volume ratio improves heat transfer, rapid mixing of reagents is also a key advantage continuous 
flow can have over analogous batch reactors. For example, Nagaki et. al demonstrated that the cationic 
polymerization of vinyl ethers benefited greatly from the use of a flow reactor geometry. Owing to 
precise temperature control and rapid mixing they demonstrated a decrease in molecular weight dispersity 
from 4.31 to 1.12 moving from a batch reactor to a flow reactor.26 With reaction times <1 second long, 
mixing efficiency was demonstrated to be paramount to the success of this vinyl ether polymerization. 
Once optimized, efficient mixing in continuous-flow reactors allows access to controlled polymerization 
techniques with extremely rapid reaction kinetics owing to the rapid mixing of initiator and monomer as 
well as rapid quenching downstream. Having access to fast reaction kinetics also allows high throughput 
screening of polymeric materials in flow. In a recent paper by Waymouth and coworkers, continuous flow 
was coupled with an automated reaction sequence to create a library of 100 two component block 
copolymers in under eight minutes. Even with reaction times of 0.5 seconds, these block copolymers 
demonstrated narrow molecular weight distributions and precise control of block molecular weight.27  
The short path length of flow tubing (typically < 3 mm) offers uniform light penetration, 
regardless of flow rate, and has found use in several examples of photo controlled polymerizations. For 
example, the Boyer group have demonstrated an oxygen tolerant photoelectron transfer (PET-RAFT) 
flow process.28 Expanding upon this process, the Boyer group also demonstrated an approach to 
synthesize materials with custom molecular weight distributions using a photo controlled polymerization 
technique.29 Additionally, they showed the successful scale up of these photo polymerizations using 
immiscible gaseous spacers within their flow reactors.30 
Fully utilizing the benefits of continuous flow requires an understanding of the fluid dynamics 
that govern fluid transport through these tubular reactors. Recently, an increased focus has been placed on 
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both understanding and mitigating the detrimental effects of laminar flow on polymerizations run in 
continuous-flow reactors. The flow profile of fluid flowing through a tube has a significant impact on the 
resulting polymer structure, molar mass, composition, and molecular weight distribution.31 Recent studies 
have illuminated quantitative relationships that relate polymer residence time distribution (RTD) to 
polymer structure.30,32 RTD is defined as the distribution of time it takes for simultaneously injected fluid 
to fully traverse and exit a flow reactor. Fundamental studies have enabled the rational design of complex 
reactor geometries that provide more control over polymer characteristics. In particular, the majority of 
continuous flow polymerizations are conducted in the laminar flow regime, which is characterized by 
fluid moving through a tube with a Reynolds number less than 2000. A consequence of laminar flow is 
the development of a parabolic velocity profile that develops due to frictional forces between the interface 
of the moving fluid phase and the stationary tubing. This velocity profile leads to RTDs within the reactor 
where fluid toward the center of the tubing has a shorter residence time compared to fluid close to the 
outer edges of the tubing. Our group recently quantitated the detrimental influence of this RTD on the 
ability to control the molar mass, composition, and MWD during controlled polymerizations.32 Thorough 
experimental data derived from various reactor geometries demonstrated that the magnitude of the RTD is 
highly dependent on tube diameter, residence time, and viscosity. Significantly, the RTD of a 
polymerization reaction was found to have a more pronounced parabolic velocity profile compared to 
analogous small molecule reactions due to the decreased radial diffusion caused by the higher viscosity 
typical of polymer solutions. In a similar study, Boyer and co-workers found that the effect of laminar 
flow was exacerbated for photopolymerizations because polymer near the tubing−liquid interface 
simultaneously experienced longer retention times, and more intense light exposure compared to liquid 
flowing in the center of the tubing, ultimately leading to higher viscosities and RTD amplification.30 
Schork and co-workers studied the RTD of a RAFT polymerization in mini emulsion droplets within a 
continuous flow tubular reactor.33 Slippage of the dispersed droplets along the walls of the fluoropolymer 
tubing caused a flow profile that deviated from the expected laminar regime. This effect, in combination 
with the diffusive effects of each individual emulsion droplet being able to move freely throughout the 
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aqueous continuous phase, contributes to the observed broadening of the RTD. As the aforementioned 
studies indicate, RTD has been identified as a crucial parameter to optimize in order to produce well-
defined polymers in flow.  
A variety of approaches have been pursued to minimize the influence of RTD on polymer 
structure.34–36 Guironnet and co-workers exploited a Taylor dispersion effect that resulted in plug-like 
flow of even viscous polymerizations.34 While this worked well to precisely control the addition of 
discrete building blocks for bottle-brush copolymer synthesis, the approach relies on small diameter 
tubing and long reaction times. An alternative approach is the use of droplet flow, where slugs of a 
reaction mixture are compartmentalized by an immiscible mobile phase.30,32,37–40 Each droplet has a small 
RTD, while recirculation within each droplet enhances mixing. Droplet flow has the added benefit of 
translating seamlessly between tubing of different innerdiameter.32 Choosing a suitable immiscible phase 
is crucial for droplet flow. Using an inert gas simplifies purification and can be a sustainable solution, but 
such a compressible fluid will change volume over different pressure and temperature regimes, thus, 
complicating the synthesis. An immiscible oil phase is less compressible, but the oil complicates 
purification, and thus, care must be taken to ensure no reagents partition into the oil phase.  
Static mixers are a well precedented approach to enhance radial mixing and decrease RTD, 
although they typically lead to an increase in the pressure drop across the reactor.41 The mixing efficacy 
with a static mixer depends strongly on the fluid flow rate, solution viscosity, and liquid miscibility. 
Consequently, using a static mixer in the research and development stage of a project, wherein reaction 
parameters may change rapidly, is not always practical. An additional limitation is the availability of 
small-scale static mixers for laboratory use. A recent innovation by Jensen and co-workers, however, 
outlined an elegant solution. The simple thermoforming of commercially available fluoropolymer tubing 
into a screw-like geometry using an aluminum mold was shown to improve radial mixing and 
substantially reduce the RTD.42 An alternative to static mixers is to create Dean vortices that result from 
the centripetal forces of fluid flowing in tubes with a tight curvature, coil flow inversion, and oscillatory 
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fluid motion.43–45 Such secondary flow fields, however, are challenging to create for viscous solutions, 
with few examples related to polymer synthesis. 
In the collection of work presented in this thesis continuous flow chemistry is explored as a 
potentially enabling tool for the accelerated discovery novel polymeric materials. Specifically, we have 
focused on multicomponent copolymerization utilizing controlled polymerization techniques. 
Multicomponent copolymers offer a vast, if daunting, potential structure space while controlled 
polymerization techniques allow precise modulation of polymeric attributes such as molecular weight. In 
Chapter two, copolymerization kinetics in continuous flow are explored in depth for radical 
polymerizations. Solving a near century old challenge, continuous flow is demonstrated to provide an 
easier and more accurate method for measuring comonomer reactivity ratios. These comonomer reactivity 
ratios are crucial for understanding how well two different comonomers can react together as well as 
provide important information about the resulting polymer microstructure.18 In chapter three continuous 
flow is evaluated for its ability to perform controlled polymerizations while maintaining narrow 
molecular weight distributions. Through judicious use of tracer experiments using in-line UV vis 
spectroscopy, the influence of laminar flow on polymerizations is explored in detail. To overcome the 
challenges associated with laminar flow, a different flow regime, droplet flow, is explored.32 Finally, in 
chapter four we apply this knowledge toward the synthesis of complex polymeric 19F MRI agents. The 
development of an automated droplet continuous flow reactor allowed the synthesis of a library of over 
450 unique copolymers. The use of droplet flow allowed the synthesis of well-defined materials with up 
to six comonomers incorporated into the polymeric material. A machine learning approach is also 
explored as a tool to analyze and predict performance across a structure space containing ~48,000 
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CHAPTER TWO:  
CONTINUOUS-FLOW CHEMISTRY FOR THE DETERMINATION OF 
COMONOMER REACTIVITY RATIOS 
 
This chapter was adapted in part from: Reis, M. H.; Davidson, C. L. G.; Leibfarth, F. A. 
Continuous-Flow Chemistry for the Determination of Comonomer Reactivity Ratios. Polym. Chem. 2018, 
9 (13), 1728–1734. 
2.1 Introduction 
 The synthesis of polymeric materials using continuous-flow chemistry is expanding as the unique 
capabilities of continuous flow are recognized to provide advantages compared to conventional batch 
reactors.1–4 Rapid mixing in flow can be leveraged to provide instantaneous initiation and/or termination 
of polymerizations with fast kinetics. Furthermore, the large specific surface area of tubular or micro-
reactors provides improved heat transfer, allowing efficient and uniform heating or cooling that results in 
better control over reaction processes. For photocatalyzed polymerizations, continuous-flow technology 
results in more uniform irradiation, faster reaction kinetics, and a viable route for scale-up due to the 
small path length of tubular reactors (typically <5 mm).5–9      
 Continuous-flow technology also permits the automation of simple or iterative processes for 
increased reproducibility and/or high throughput synthesis.10–14 For example, continuous variables such as 
system temperature, reaction time, and reagent stoichiometry can be adjusted within a single experiment, 
which can have a variety of benefits in polymer synthesis. In foundational work, Beers et al. demonstrated 
the continuous variation of molecular weight as a consequence of dynamically changing reaction times in 
a flow reactor.15,16 Modern studies now represent a significant body of literature studying the influence of 
continuous flow on a number of polymerization mechanisms. The study of statistical copolymerization in 
continuous flow, however, remains underexplored.17–19 
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 Copolymerization is the process of combining two or more constituent monomers into a single 
polymer backbone. Ideally, a copolymer represents the synergistic combination of the properties of the 
individual homopolymers.20 Due to inherent steric and electronic differences of individual monomers, 
polymer microstructure is rarely random and plays a pivotal role in determining the physical properties of 
the resulting material. Elucidating polymer microstructure requires a detailed understanding of the 
kinetics of copolymerization between a comonomer pair, which is quantified by comonomer reactivity 
ratios. For the terminal model of copolymerization, the copolymer equation and concept of reactivity 
ratios was introduced by Mayo and Lewis,21 with Wall contributing the most commonly used form of the 
equation22 (equation 1). 
𝐹𝐴 =
𝑟𝐴𝑓𝐴
2 + 𝑓𝐴(1 − 𝑓𝐴)
𝑟𝐴𝑓𝐴




In the preceding equation, FA represents the relative velocity of monomer A incorporation into 
the copolymer chain at any one time, fA represents the instantaneous mole fraction of monomer A in the 
feed, (1–fA) is representative of fB, and rA and rB are the reactivity ratios for a growing polymer with 
chain-ends comprised of monomer A and B, respectively.  
 Since the copolymer equation does not account for the time evolution of a copolymerization, 
measurement of reactivity ratios typically relies on a steady state assumption where multiple 
polymerizations are conducted at different initial monomer compositions and terminated at low 
conversions (<10%) to limit the influence of non-ideal reactivity caused by evolving comonomer 
concentrations (equation 2).22 
𝐹𝐴 =
−𝑑𝐴 𝑑𝑡⁄
−𝑑𝐴 𝑑𝑡⁄ − 𝑑𝐵 𝑑𝑡⁄
 
 
Operationally, accurately measuring reactivity ratios is tedious, laborious, and time-consuming. 





subsequently running and carefully analysing a statistically significant number of comonomer 
compositions.23 
 A number of recent approaches have sought to simplify the determination of reactivity ratios. 
Lynd and coworkers presented a non-terminal method for calculating the reactivity ratios of a comonomer 
pair that exhibits pure gradient behavior (rA  1/rB) by sampling the compositional drift of a single 
copolymerization.24 Although experimentally simpler, many copolymerizations do not fit the non-
terminal model and thus this method is not universally applicable. Patton, Beers, and coworkers 
developed a platform to extract reactivity ratios from surface-initiated polymerization using x-ray 
photoelectron spectroscopy (XPS).25,26 Although a significant improvement over previous technology, the 
two monomers being studied must have resolution in the quantitative XPS spectra and access to the 
method of analysis is not universal.  
 Herein, we describe the development of a continuous-flow system for the rapid determination of 
reactivity ratios in free radical copolymerization that capitalizes on the precise and reproducible control of 
reaction conditions in continuous-flow chemistry. Our approach enables samples of systematically varied 
comonomer compositions to be collected directly into NMR tubes. Comonomer composition can be 
changed in situ by software-controlled variation of the flow rates relative to each other without ever 
stopping the flow system. A single experiment is conducted, therefore, that collects nine different 
copolymer compositions in under one hour.  To expedite analysis, we couple this continuous-flow system 
with a 1H NMR method that circumvents traditional purification steps, allowing reactivity ratios to be 
obtained in a single afternoon. The approach is validated using five comonomer pairs whose reactivity 
ratios are well established in the literature. Subsequently, we use our system to obtain reactivity ratios for 
three previously unexplored comonomer pairs, focusing on newly reported lignin-derived methacrylate 
monomers.27–30 The operationally simple method provides accurate and highly reproducible reactivity 




Figure 2.1 Reactivity ratio flow setup and workflow. The continuous-flow system enables the collection of 
nine samples of varying copolymer composition at low conversions in a single experiment. Comonomer 
composition is controlled by the relative flow rates of the two individual monomer pumps. Different internal 
standards included in each monomer solution allows accurate determination of monomer conversion by 1H NMR 
analysis of the crude reaction mixture. Improved mass and heat transfer in flow ensures mixing between 
comonomers and precise control over reaction time and temperature. 
2.2 Experimental 
2.2.1 General copolymerization procedure with MMA-styrene  
Three solutions were first prepared in 20 ml reaction vials equipped with gas-tight septa.  The 
first vial was charged with 8.3 mL (78 mmol) of MMA, 0.4 mL (2.0 mmol) of hexamethydisiloxane, and 
9.5 mL of toluene.  The second vial was charged with 8.9 mL (78 mmol) of styrene, 200 mg (0.90 mmol) 
of 1,4-bis(trimethylsilyl)benzene and 8.9 mL of toluene.  The final vial was charged with 240 mg (1.5 
mmol) of azobisisobutyronitrile (AIBN) in 17.8 mL toluene.  Argon was then bubbled through each of the 
three solutions for 40 minutes before they were loaded into their respective syringes.  The flow rate of the 
three syringe pumps was then set to target the desired reaction time and comonomer stoichiometry. The 
two monomer streams were combined at a T-mixer and the AIBN solution was subsequently added at 
another T-mixer before being passed through a 100°C reactor.  After the system was allowed to 
equilibrate for five minutes, the first sample was collected directly into a NMR tube charged with two 
milligrams of the radical inhibitor butylated hydroxytoluene (BHT) and subsequently diluted with CDCl3 
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for analysis.  The flow rates were then changed relative to each other (while maintaining the same total 
flow rate) to target a new composition and the system was allowed to equilibrate for 6 retention times 
before collection of the new composition.  This process was repeated for all nine of the targeted 
compositions.  After collection of all samples, the “L” switch valve was used to bypass the heated reactor.  
After waiting for equilibration, one unreacted sample was collected to quantify initial monomer 
concentration and monomer to internal standard ratios.  Using the unreacted sample as a comparison, 1H 
NMR analysis of the crude sample from each initial monomer composition allows the determination of 
monomer conversion for each sample. Assuming all monomer consumed is incorporated into a polymer, 
this approach allows us to rapidly measure monomer conversion without isolating and analysing each 
polymer sample. A detailed explanation of this approach can be found in appendix A. 
2.2.2 Statistical methods 
Reactivity ratios were determined using four different statistical methods. The four methods, 
presented in chronological order of discovery, include the Fineman-Ross (FR)31, Kelen-Tüdos (KT)32, and 
Extended Kelen-Tüdos (E-KT)33 linear methods, as well as a Non-Linear Least Squares (NLLS) 
method.34 These methods are derived from the same aforementioned copolymer equation and all require 
low conversion data that adhere to the steady-state assumption. The FR method is the first algebraic 
rearrangement of the copolymer equation into a linear form. These linear methods plot data points from 
different copolymer compositions and fit them to a line of best fit. While easy to understand and 
implement, the FR method does not weigh error evenly, with small deviations at extreme compositions 
having a large impact on the resulting reactivity ratios. To solve this problem, the KT method introduces a 
parameter that balances experimental error evenly across all points measured.  Further improvements are 
contributed by the E-KT method which accounts for compositional drift at higher conversions. The NLLS 
method avoids challenges resulting from transformation of error structure inherent to linearization 
methods by using a statistically valid approach to calculate reactivity ratios. Specifically, the NLLS 
method seeks to minimize the difference between the fitting function of the copolymer equation and the 
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real data by iteratively changing the fitting parameter to find a global minimum for values of rA and rB. 
The NLLS method can then generate statistically significant joint confidence regions and standard 
deviations after evaluation of random errors in measurement of both monomer feed and copolymer 
composition. As a generalized approach, all reactivity ratio joint confidence regions and standard 
deviations were constructed using an equal weighting scheme assuming a 1% relative error reflecting the 
precision of NMR integrations. The experimental data was fit to the NLLS method through the program 
Contour version 1.8. 
2.2 Results and discussion 
2.2.1 Validation of the continuous-flow system 
We chose to study the reactivity ratios for free radical polymerization because of its well-
established utility for copolymer synthesis.35 Further, reactivity ratios for free radical polymerization can 
be translated to controlled radical polymerization methods.20,36,37 The continuous-flow system for 
determination of reactivity ratios is shown in Figure 2.1. Each monomer is pumped at a concentration of 
2.8 M in toluene and comonomer composition is controlled by the flow rates of the pumps relative to each 
other. The two monomers were mixed at a T-junction and AIBN was added downstream at a 
concentration of 0.080 M to act as a thermal radical initiator. A valve before the reactor allowed 
collection of a non-polymerized sample to obtain an accurate reading of monomer to internal standard 
ratio before polymerization. An aluminium heating block with an imbedded thermal couple and heating 
elements was used to precisely control temperature at 100 C (figure A.2). Reaction time was controlled 
by the length of fluoropolymer tubing in the heating element and the combined flow rates of the pumps. 
After the heated reactor, the reaction was rapidly quenched by passing the tubing through an ice bath. 
Samples of the crude reaction mixture were collected directly into NMR tubes that contained two 
milligrams of the radical inhibitor BHT to prevent further polymerization. After collection of one 
comonomer composition, the flow rates of the two monomers relative to each other was changed while 
maintaining a constant total flow rate to target a new comonomer composition. The system was allowed 
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to equilibrate for six retention times (tR) before a new sample was collected. The flow system was kept at 
40 psi of back pressure to ensure consistent laminar flow. All flow equipment is available from 
commercial sources, with part numbers included in the supporting information.   
 We chose to validate our system by studying the free radical copolymerization of styrene and 
methyl methacrylate (MMA). The wealth of literature on this comonomer pair provided a well-established 
system against which we could compare our results.38 We first ran the copolymerization at a monomer 
composition of 1:1 with reaction times from 10 to 60 seconds to determine the optimal reaction time to 
achieve consistently low conversions. Significantly, this was done in a single flow experiment by simply 
changing the flow rate of the reaction mixture step-wise while keeping the reactor volume constant. For 
the styrene–MMA copolymerization, 30 seconds was found to be an optimal reaction time that provided 
low monomer conversions across all comonomer compositions studied. 
Figure 2.2 Mayo-Lewis plots for styrene and MMA. (A) Mayo-Lewis plot for the copolymerization of 
styrene and MMA in continuous flow at 100 C. Error bars are included and lie within the data points. (B) Mayo-
Lewis plot comparing the data obtained in continuous flow compared to literature values.20 
The Mayo-Lewis plot for the copolymerization of styrene–MMA is shown in figure 2.2.A. The 
flow experiment was conducted in triplicate and the error bars included in figure 2.2.A are within the 
plotted points. This high reproducibility demonstrates the precision enabled by the continuous-flow 
system. Analysis of the data by a number of statistical methods was conducted, and all of the computed 
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curves generated by these methods are included in figure 2.2.A and almost completely overlap. A Mayo-
Lewis comparison of our data and literature values for the styrene–MMA copolymerization is shown in 
figure 2.2.B. Reactivity ratios are known to move closer to unity at higher temperatures.39 As shown by 
both numerical values and the computed Mayo-Lewis plots, our data at 100 C fits in between established 
values at 60 C and 131 C.20 This comparison is a representation of the accuracy that the continuous flow 
system provides for reactivity ratio analysis.  
 The low-conversion data provided by the continuous-flow system enables the analysis of 
reactivity ratios by a number of statistical methods derived from the copolymer equation. The evolution of 
these methods has sought to account for the difficulties in acquiring accurate and reproducible data for 
copolymerizations at numerous monomer compositions, with the NLLS method developed by van Herk 
considered to be the contemporary standard.34 NLLS evaluation of the composition data yielded a point 
estimate for the reactivity ratios bound by a 95% joint confidence interval for the styrene–MMA 
copolymerization (figure 2.3). The fact that the numerous methods of determining reactivity ratios all fall 
within the 95% confidence interval does not convey anything about the accuracy of the methods 
themselves; it can be understood as a testament to the precision of the data generated by continuous flow. 
Figure 2.3 NLLS analysis of styrene – MMA copolymerization. Reactivity ratio point estimates bound by 
95% joint confidence interval from NLLS analysis of data generated in the continuous-flow system for the 
copolymerization between styrene–MMA. FR = Fineman-Ross; KT = Kelen-Tüdos; E-KT = Extended Kelen-
Tüdos; NLLS = Non-linear least squares. 
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To further validate the continuous-flow system for free radical copolymerization, we explored 
four other vinyl comonomer pairs using the previously outlined reaction conditions.  The four comonomer 
pairs were chosen to reflect a broad range of reactivity and copolymerization behaviour due to their 
structural and electronic diversity. The calculated reactivity ratios for the five known comonomer pairs 
are shown in table 2.1 and each correlate well with known literature values.20,36,40,41 Significantly, the only 
variable that changed for evaluating each of these comonomers is the retention time to achieve low 
conversion, with all other experimental parameters remaining consistent. 
Table 2.1 Reactivity ratios evaluated in flow. Reactivity ratio point estimates derived from the NLLS method 
using data collected from copolymerizations conducted in continuous flow. 
 
The exquisite and reproducible control of reaction conditions in continuous flow combined with 
the judicious choice of inert, orthogonal internal standards make translation to new vinyl monomers 
simple and is an attractive benefit of our approach. Very rapid copolymerizations, such as the 
copolymerization of tert-butyl acrylate (tBuA) and vinyl pyrrolidone (VP), are difficult to determine in 
batch because even slight deviations in reaction time (<1 second) can result in significantly different 
conversions. The reproducible control of heat transfer, mixing, and reaction time in continuous flow 
provides an ideal solution. Our initial screening of reaction times found that the tBuA–VP 
copolymerization requires only 5 seconds to achieve <10% conversion (Figure A.8). Carefully controlling 
the reaction temperature and time in continuous flow, we were able to achieve consistent data that 
allowed NLLS analysis. Although our reactivity ratios vary moderately from the one literature report 
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conducted in batch,41 we are confident in the reproducibility of our continuous-flow method at fast 
reaction times. 
 Evaluating comonomer reactivity in continuous flow is also well-equipped to calculate reactivity 
ratios for monomer pairs with large differences in reactivity, such as the copolymerization between 
methyl acrylate (MA) and MMA.  For these monomer pairs, conversion can vary dramatically as the 
relative ratio of the two monomers changes, making the collection of low-conversion data of various 
comonomer compositions in batch challenging.20 Practically, this leads to an Edisonian approach, where 
each composition is run at multiple reaction times and individually characterized to find an appropriate 
low-conversion sample for characterization.  
 The ability of continuous flow to control reaction time by simply changing flow rate allows us to 
correlate reaction time with evolving comonomer composition dynamically in a single (uninterrupted) 
experiment. In practice, this requires two runs through the continuous-flow system, but is still 
considerably easier than state-of-the-art batch methods. First, the copolymerization is run with a single 
retention time for all comonomer compositions and analysed by 1H NMR to determine conversion. As 
shown in figure 2.4.A, high conversions are typically seen at compositions dominated by the rapidly 
polymerizing monomer (i.e. MA), thus deviating from the steady-state assumption. At compositions 
dominated by MMA, slow kinetics result in inaccurate analysis due to difficulty analysing very low 
comonomer conversion (<2%) by 1H NMR. Using this kinetic data, new reaction times are estimated to 
achieve appropriate conversions, and those times are programmed into the software-controlled pumps. 
The experiment is run again using the tailored reaction times and analysed for reactivity ratio calculation. 
figure 2.4.B demonstrates the dramatic influence of this continuous-flow approach to achieve high quality 
copolymerization data. Values above each point represent reaction time and all points were obtained in a 
single experiment within the continuous-flow system through the dynamic and precise control of reaction 




Figure 2.4 Mayo-Lewis plots for MA – MMA copolymerization. (A) Mayo-Lewis plot for the MA–MMA 
copolymerization at a reaction time of 30 seconds for each comonomer composition. (B) Mayo–Lewis plot for the 
MA–MMA copolymerization with the reaction times designated above each data point; s = seconds. 
2.2.2 Reactivity ratios of lignin-based methacrylate monomers 
 Recently, softwood lignin-based methacrylate polymers and copolymers have been developed as 
bio-based materials with glass transition temperatures above 100 C.27–30 Due to the rapidly growing 
interest in this class of materials, we sought to determine reactivity ratios for the copolymerization of two 
lignin-based methacrylate monomers with other common vinyl monomers. Understanding the reactivity 
of lignin-based monomers with commonly encountered comonomers will prove useful for the adoption of 
these bio-based materials.42 Capitalizing on the operational simplicity of our continuous-flow method, we 
measured the currently unknown reactivity ratios for the copolymerization of guaiacol methacrylate (GM) 
with MMA, 4-ethyl guaiacol methacrylate (EGM) with MMA, and GM with tBuA (table 2.2). 
 To discover previously unknown reactivity ratios, we began our studies by exploring the free 
radical copolymerization of EGM and MMA under conditions that provide low conversions in continuous 
flow (tR = 30 seconds; 100 C). Although both monomers are methacrylate-based, the electron rich aryl 
substituent of EGM was hypothesized to influence copolymerization kinetics. The Mayo-Lewis plot for 
the copolymerization is shown in figure 2.5.A. In a single experiment, we were able to collect nine 
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samples of varying comonomer composition and conversion data that was consistent with EGM being 
incorporated into the copolymer faster than MMA. NLLS analysis on the copolymerization data revealed 
that rEGM = 1.57 ± 0.04 and rMMA = 0.79 ± 0.05 (table 2.2), demonstrating that this copolymerization 
produces a weakly gradient-like copolymer.  
 
Figure 2.5 Mayo-Lewis plot for guaiacol methacrylates. (A) Mayo-Lewis plot for the GM–MMA and 
EGM–MMA copolymerizations at a reaction time of 30 seconds for each comonomer composition. (B) Reactivity 
ratio point estimates bound by 95% joint confidence interval from NLLS analysis of data generated in the 
continuous-flow system for the GM–MMA and EGM–MMA copolymerizations. 
 We next turned our attention to the GM–MMA copolymerization. As shown by the Mayo-Lewis 
plot in figure 2.6.A, nine samples of varying comonomer composition consistently showed GM being 
incorporated into the copolymer faster than MMA in free radical statistical copolymerization. NLLS 
analysis on the copolymerization data revealed that rGM = 1.55 ± 0.04 and rMMA = 0.75 ± 0.04, 
demonstrating that this copolymerization produces a weakly gradient-like copolymer. From these data 
sets, we conclude that both EGM and GM have very similar copolymerization kinetics with MMA and 
that the para-ethyl substituent on EGM has minimal influence on copolymerization behaviour. As shown 
in figure 2.5.B, other methods employed to determine reactivity ratios fall within the 95% confidence 
limit of the NLLS method, demonstrating the precise data derived from our continuous-flow method.  
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Table 2.2 Reactivity ratios of guaiacol methacrylates. Reactivity ratio point estimates derived from the 
NLLS method using data collected from copolymerizations conducted in continuous flow of lignin-derived 
comonomers. 
 
We further sought to understand the copolymerization behaviour of lignin-derived methacrylates 
with tBuA, a monomer that typically displays faster kinetics than MMA. Since GM and EGM behave 
similarly in copolymerizations, we employed our continuous-flow method to determine the 
copolymerization behaviour of GM and tBuA. Nine samples of varying comonomer composition were 
collected and were consistent with GM being incorporated into the copolymer faster than tBuA. NLLS 
analysis on the copolymerization data revealed that rGM = 2.0 ± 0.1 and rtBuA = 0.43 ± 0.07, demonstrating 
that GM and tBuA copolymerization produces a clear gradient copolymer. 
2.3 Conclusions 
The continuous-flow system described herein is an enabling tool for the precise and accurate 
determination of comonomer reactivity ratios. The operational simplicity of this system reduces the time 
and effort to obtain reliable reactivity ratios compared to conventional batch approaches. The precise 
control of reaction time, heat transfer, and copolymer composition streamline the determination of 
challenging comonomer systems, such as those with fast kinetics or disparate reactivity. The continuous-
flow system was benchmarked by the determination of five known comonomer reactivity ratios. The new 
approach was then employed for copolymerizations with recently discovered softwood lignin-based 
methacrylate monomers, leading to the determination of reactivity ratios for three comonomer pairs that 
had not been previously reported. This approach is anticipated to facilitate the synthesis and exploration 
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THE INFLUENCE OF RESIDENCE TIME DISTRIBUTION ON CONTINUOUS-FLOW 
POLYMERIZATION 
 
 This chapter was adapted in part from: Reis, M. H.; Varner, T. P.; Leibfarth, F. A. The Influence 
of Residence Time Distribution on Continuous-Flow Polymerization. Macromolecules 2019, 52 (9), 
3551–3557. 
3.1 Introduction 
 Continuous-flow chemistry is emerging as a useful technology for precision in polymer 
synthesis.1–5 Compared to conventional batch processes, the use of micromixers and small diameter 
tubing leads to rapid mixing and the large specific surface area of milli-and microflow tubular reactors 
affords excellent heat transfer. These attributes minimize local hot spots, offer instantaneous initiation or 
termination of polymerizations with fast kinetics, and ultimately provide enhanced control of polymer 
structure and material properties.6,7 For photocatalyzed polymerizations, small diameter flow tubing 
allows more uniform irradiation, faster kinetics, and easier scale-up compared to batch.8–12 Lastly, 
software control of pumps, reactors, and in-line analytical techniques enables automation of 
polymerization processes.13–16 
 New opportunities in polymer synthesis enabled by continuous-flow chemistry include the rapid 
creation of polymer libraries, the telescoping of multistep polymerizations, and the automated 
optimization of macromolecular synthesis.17–21 In contrast to batch processes, continuous flow’s ability to 
dynamically alter continuous variables within a single experiment enables the rapid synthesis and analysis 
of polymer samples with systematic alterations in molecular weight, composition, and reaction rate. This 
higher-throughput approach expedites access to libraries of polymers for reaction optimization, kinetic 
analysis, and structure–property studies.22,23 Continuous-flow synthesis permits users to combine 
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multistep chemical processes into an uninterrupted sequence, which has been exploited to efficiently 
produce multi-block and sequence-defined copolymers.18,24–28 Furthermore, the automation of continuous-
flow polymerizations has the potential to facilitate the reproducible synthesis and analysis of synthetic 
polymers by non-experts, analogous to peptide synthesizers, thus removing a significant barrier to 
material discovery efforts. 
 The precise reaction conditions offered by continuous flow are especially relevant in controlled 
polymerizations where regulation of polymer microstructure, molecular weight, and dispersity (Ð) is 
desired. Ideally, the synergistic combination of controlled polymerizations and the well-defined reaction 
conditions in continuous flow leads to polymers with predictable molar mass and low Ð. Studies by 
Yoshida, Sawamoto, and coworkers demonstrated the advantages of continuous flow for rapid and highly 
exothermic cationic polymerizations, where the enhanced mixing and improved heat transfer in 
continuous flow dramatically improved polymerization control, resulting in materials with much lower Ð 
than analogous reactions run in batch.29,30  
 For polymerizations that exhibit slower kinetics, translation of batch reactions to continuous-flow 
polymerization often demonstrates decreased control. In seminal work conducting reversible addition 
fragmentation chain-transfer (RAFT) polymerization in continuous flow, Thang et al. consistently 
observed lower monomer conversion and higher Ð compared to the analogous batch reactions for a wide 
variety of monomers.31 These results have been subsequently validated by a number of other independent 
studies and have been ascribed to fluid dynamic phenomena inherent to tubular reactors.32–36 Fully 
exploiting the benefits of continuous-flow polymer synthesis will first require a fundamental 




Figure 3.1 Comparison of plug flow and laminar flow. Comparison of different flow regimes used to describe 
small-diameter continuous-flow tubular reactors. 
Modern polymerizations run in continuous-flow tubular reactors are predominately conducted in 
the laminar flow regime, which is defined as fluid moving through a closed channel with a Reynolds 
number less than 2000.37 Laminar flow is characterized by ordered, parallel layers of liquid sliding past 
each other at different velocities with radial mixing being limited to molecular diffusion. Due to friction 
at the tubing-liquid interface, a parabolic velocity profile is observed with layers at the edge moving 
slower than layers toward the center (figure 3.1). These velocity differences are maintained over long 
length spans due to the lack of turbulence or recirculation eddies, causing liquid to reside in the flow 
reactor for different amounts of time.38–41 
 The resulting residence time distribution (RTD) caused by laminar flow is defined as the 
distribution of time it takes simultaneously injected fluid to fully traverse and exit a flow reactor. For 
chemical reactions, the RTD results in a distribution in reaction time and a corresponding effect on 
reaction conversion and product formation.38 For polymerizations, the RTD is directly correlated to 
polymer Ð. Despite the emerging utility of continuous-flow polymerizations, there remains no 
quantitative study on how RTD influences polymer structure.  
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Herein, we report a comprehensive study of how laminar flow in small diameter tubular reactors 
influences polymer structure. Using in-line UV-vis spectroscopy, we demonstrate how tubing diameter, 
solution viscosity, and mean residence time influence RTD under conditions relevant for continuous-flow 
polymerization. We subsequently conduct polymerizations under various conditions and reactor 
geometries to understand how RTD influences reaction conversion, polymer molar mass (Mn), and Ð. The 
breadth of the RTD in laminar flow is found to have strong, statistical correlations with polymerization 
control. These correlations are demonstrated to be general to a variety of different reaction conditions, 
monomers, and polymerization mechanisms. Additionally, our comprehensive studies have enabled the 
rational design of a reactor to minimize RTD, enabling the continuous production of well-defined 
polymer at a rate of 1.4 kg/day.  
3.2 Results and discussion 
3.2.1 The effect of reactor geometry on experimentally measured RTD 
Reports of polymerizations conducted in continuous flow have typically assumed plug flow as a 
simplified model of solution moving through a reactor. In plug flow, fluid velocity is assumed to be 
constant across any cross-section of the tubular reactor and no boundary layer is considered at the fluid–
wall interface.37 The RTD of plug flow is assumed to be negligible (figure 1.1). In reality, continuous-
flow polymerizations are conducted in tubular reactors at low to moderate flow rates under laminar flow 
conditions, where solution in the middle of the tube exits the reactor faster than the mean residence time 




Figure 3.2 Flow setup for measuring residence time distributions. A. Continuous-flow setup used to 
measure residence time distribution (RTD); B. Analysis of UV-Vis response allows experimental determination of 
RTD.39 
To experimentally measure the RTD of common flow geometries, in-line UV-vis spectroscopy 
was used to track the dispersion of an injected tracer.  A flow system was first brought to steady state 
operation before a UV-absorbing small molecule tracer was introduced into the system (figure 3.2.A). 
The RTD was extracted from absorbance measurements in the time between when the tracer first begins 
exiting the reactor and the absorbance reaches a new steady state (Figure 3.2.B).  In a typical experiment, 
the observed RTD was calculated for a specific tubing diameter or flow rate, with hexanes as the mobile 
phase and toluene as the UV-absorbing small molecule tracer. To probe the effect of viscosity on RTD, 
the identity of the mobile phase was changed from hexanes (0.3 mPa*s) to either a 90% acetonitrile-water 
solution (0.5 mPa*s), water (1 mPa*s), a 9% polyethylene glycol-water solution (9.1 mPa*s), or a 23% 
polyethylene glycol-water solution (85 mPa*s).  For aqueous solutions the absorbing tracer was changed 
from toluene to phenol.  These experiments enabled visualization of the influence of tubing diameter, 
residence time, and molecular diffusion on the RTD under conditions commonly used for continuous-
flow polymerizations (figure 3.3). In agreement with previous studies, increasing tubing size, decreasing 




Figure 3.3 Effect of experimental conditions on RTD. Experimental RTD of common continuous-flow 
conditions using small molecule tracers. The area under the curve has been normalized to one. A. Effect of tubing 
diameter on RTD with constant retention time and viscosity (10 min. and 0.3 mPa*s, respectively). B. Effect of 
retention time on RTD with constant tubing diameter and viscosity (0.04 in. and 0.3 mPa*s, respectively). C. Effect 
of viscosity on RTD with constant tubing diameter and retention time (0.04 in. and 10 min., respectively).  Flow 
rates for each condition is detailed in the Supporting Information. 
We hypothesized that the RTD of a growing polymer would deviate from that of small molecule 
tracers. To test this hypothesis on a model system, we chose to explore the ring-opening 
transesterification polymerization (ROTP) of δ-valerolactone (δ-VL) catalyzed by 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD).25 The polymerization in flow was first brought to steady state 
operation using hexanol as an initiator.  Subsequent replacement of hexanol with pyrenebutanol by a step 
change in flow rate of two pumps provided a polymer-bound UV–Vis tracer while keeping the total 
concentration of alcohol constant.  The resulting RTD observed for an active polymerization (Figure 3.4) 
is much broader than analogous experiments conducted with small molecule tracers under otherwise 
identical conditions. While the small molecule experiments in Figure 3.3 demonstrated a symmetric RTD 
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that is predicted by the dispersion model of fluid transport in a tubular reactor, a convective model of 
fluid transport more accurately describes the asymmetric RTD seen in polymerizations.39 This convective 
model is typically observed in flow geometries with minimal radial diffusive mixing or large tubing 
diameters (figure 3.3.A). We predict that the slower molecular diffusion of polymer chains as well as the 
inherent viscosity of polymer solutions leads to convective fluid transport even in small diameter tubing, 
resulting in a broader RTD than previously studied small molecule systems.  
 
Figure 3.4 RTD comparison of small molecule and polymeric tracers. Comparison between the observed 
RTD of a polymerization and a small molecule model experiment under the same reaction geometry (10 min. 
residence time and 0.04 in. tubing).   
3.2.2 The influence of RTD on polymerization performance 
Quantifying the influence of RTD on monomer conversion, Mn, and Ð for continuous-flow 
polymerization is non-trivial. Viscosity constantly evolves as a polymerization progresses and different 
retention times have a non-linear effect on reaction conversion. Therefore, the modification of tubing 
diameter was chosen as a user-defined variable to enable the systematic study of RTD’s effect on polymer 
structure. Model studies with small molecule tracers (figure 3.3.A) demonstrated that increasing tubing 
diameter increases the RTD; thus, we hypothesized that an increase in tubing diameter in a continuous-
flow polymerization would result in a decrease in conversion, decrease in Mn, and increase in Ð.  The 
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controlled ROTP of δ-VL was carried out in reactors with tubing inner-diameters of 0.02 in., 0.03 in., 
0.04 in., 0.063 in., and 0.093 in. As a control, these results were compared to a polymerization run in a 
small scale (2 mL) batch reactor, which had sufficiently fast mixing and heat transfer to approximate an 
experiment with no RTD. We note the even moderate scale-up of batch reactions considerably diminishes 
mass and heat transfer and leads to a loss of control,42 but a comprehensive study of these effects is 
outside the scope of this manuscript. 
Table 3.1 Continuous-flow polymerization of δ-VL with varied tubing diameters. Reactions were 
conducted in triplicate and the standard deviations are reporteda 
aConditions: [δ-VL] = 5M; [δ-VL]:[initiator]:[TBD] = [125]:[1]:[0.4]; Theoretical Mn at 100% conversion = 12,500 
g/mol. bTubing lengths and flow rates found in SI. cMeasured by GPC using polystyrene standards. d Determined by 
1H NMR.  
 
As shown in table 3.1, the RTD in laminar flow led to decreased control compared to an 
analogous small-scale batch reaction, with clear correlations observed between tubing diameter, 
conversion, Mn, and Ð. Each experiment was conducted three times and standard deviations are reported 
in Table 3.1. Even in the smallest inner-diameter tubing tested, Ð increased from 1.05 in batch to 1.12 in 
flow, and increases in tubing inner-diameter led to further increases in Ð.  In the largest diameter tubing 
(0.093 in.), both conversion and Mn decreased 20% compared to batch and Ð increased from 1.05 to 1.33. 
These results represent a significant limitation for the scale-up of continuous-flow polymerizations, since 
large tubing inner-diameters enable higher continuous throughput for a given reaction.  
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3.2.3 Overcoming RTD with droplet flow 
The combined UV-Vis and polymerization data suggest that decreasing tubing diameter, increasing 
retention time, and decreasing viscosity result in better control. For polymerizations run in continuous flow, 
however, the pressure drop along a given length of tubing must be considered concomitantly with changes 
to the reactor geometry. Pressure drop (ΔP) is the result of frictional forces between the stationary tubing 
and the moving liquid and can be quantified by the Hagen-Poiseuille equation:37 




Where, μ is the dynamic viscosity, L the tubing length, Q the volumetric flow rate, and dt the tubing 
diameter. For polymerizations conducted in continuous flow, pressure drop commonly becomes high 
enough to stall pumps or burst tubing due the increasing viscosity of the polymerizing mobile phase. 
Strategies to mitigate the negative impacts of laminar flow on polymer structure and Ð also exaggerate 
pressure drop within the flowing system. For example, diluting the reaction will lower the pressure drop, 
but requires a faster flow rate (Q) and longer lengths of tubing (L) to maintain an equal throughput. 
Similarly, decreasing tubing inner-diameter (dt) exponentially increases pressure drop and increases the 
difficulty of producing samples in a meaningful quantity. For these reasons, we found it challenging to use 
the aforementioned techniques to minimize RTD and replicate the control observed in small-scale batch 
polymerizations. 
Two alternative techniques to minimize the RTD in tubular microreactors include the creation of 
Dean vortices or the use of in-line static mixers.43,44 Dean vortices represent secondary fluid motion in 
laminar flow resulting from centripetal forces of fluid flowing in tubes arranged with tight curvature. Tracer 
experiments on both tightly and loosely coiled reactors showed no difference in RTD, suggesting that Dean 
vortices did not occur in the geometries and reaction conditions explored herein. The use of static mixers 
is a potential solution, but they exaggerate ΔP, are prone to clog with viscous solutions, and require 
optimization for each system.  
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Gas–liquid segmented flow, also referred to as Taylor flow or droplet flow,45 is an alternative and 
attractive approach to decrease the RTD in continuous-flow reactors. The droplet flow approach 
compartmentalizes slugs of liquid in an immiscible mobile phase (figure 3.5). Within each slug, 
recirculation motions enhance mixing and the lack of slug coalescence ensures a narrow RTD. This 
approach has been shown to narrow the RTD of both small molecule reactions and nanoparticle synthesis, 
for the latter decreasing the size dispersity of nanoparticles formed in droplet flow compared to continuous 
flow.46–48  
Using a metering valve and an inert gas, we evaluated the influence of droplet flow on the RTD of 
continuous-flow polymerizations. Tracer experiments analyzed by in-line UV-vis spectroscopy were used 
to quantify the RTD of viscous fluids in droplet flow. For the most viscous sample analyzed in figure 3.3.C 
(85 mPa•s), droplet flow resulted in a narrower RTD than even the analogous non-viscous sample (0.3 
mPa*s) run in traditional continuous flow.  
 
Figure 3.5 Polymerization of δ-VL using droplet flow. The reaction run in 0.093 in. inner diameter tubing 
produced poly(δ-VL) at a rate of 1.4 kg/day. Ar = argon aConditions: [δ-VL] = 5M; [δ-VL]:[initiator]:[TBD] = 
[125]:[1]:[0.4]; Theoretical Mn at 100% conversion = 12,500 g/mol. bTubing lengths and flow rates found in SI. 
cMeasured by GPC using polystyrene standards. dDetermined by 1H NMR.  
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The polymerization of δ-VL was used to probe the influence of droplet flow on polymerization 
(figure 3.5). Droplet flow demonstrated a dramatic improvement compared to analogous continuous-flow 
polymerizations. Even in the largest diameter tubing, the conversion, Mn, and Ð all effectively matched 
that of a small-scale batch reaction. The improvement in RTD was found to be decoupled from retention 
time, viscosity, and tubing diameter, thus overcoming a crucial hurdle for continuous-flow 
polymerizations. Using two peristaltic pumps at a total flow rate of 3.6 mL/s and 0.093 in. inner-diameter 
tubing, the polymerization of δ-VL was scaled up to collect poly(δ-VL) continuously at a rate that would 
equate to 1.4 kg/day under continuous operation. Importantly, both the Mn (12.0 kg/mol) and Ð (1.07) of 
the polymer was analogous to a small-scale batch polymerization.  A built-in pressure monitoring system 
demonstrated that total system pressure never exceeded five pounds-per-square-inch, indicating that 
further scale-up is possible.   
 In order to probe the generality of RTD’s effects, we studied the RAFT polymerization of n-butyl 
acrylate (nBuA), N-isopropylacrylamide (NIPAM) and N,N-dimethylacrylamide (DMA). These studies 
expanded the data set from ROTP to controlled radical polymerization while simultaneously investigating 
polymerizations with both slower (nBuA) and faster (NIPAM and DMA) reaction kinetics. The RAFT 
polymerization of nBuA was studied at a retention time of 30 minutes (table 3.2). The polymerization run 
in batch resulted in poly(nBuA) with a Mn of 13.0 kg/mol and a Ð of 1.14. Polymerizations run in 
continuous flow demonstrated a correlation between increasing tubing diameter and increasing Ð. This 
loss of polymerization control is consistent with the results observed with poly(δ-VL) (table 3.1). We 
hypothesize that the magnitude of Ð change is less for the slower polymerization of nBuA due to the 
narrower RTD observed for reactions with longer residence times (Figure 3.3.B). The polymerization of 
nBuA, however, did not demonstrate a reduction in monomer conversion with increasing tubing diameter. 
We hypothesize that the broadening of Ð without the associated decrease in monomer conversion is due 
to the differences in the RTD of the monomers and growing polymer chains in solution. Due to 
differences in molecular diffusion, a narrower RTD is expected for unreacted monomers as compared to 
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the growing polymer chains, especially at longer residence times (figure 3.4). This would lead to the RTD 
in this system having a smaller impact on monomer conversion as compared to polymer Ð.  
Table 3.2 Continuous-flow polymerization of nBuA with varied tubing diametersa 
 
aConditions: [nBuA] = 2M; [nBuA]:[CTA]:[AIBN] = [200]:[1]:[0.3]; Theoretical Mn at 100% conversion = 25,600 
g/mol. bTubing lengths and flow rates found in SI. cMeasured by GPC using polystyrene standards. dDetermined by 
1H NMR.  
Expected trends were observed for the polymerization of NIPAM at a five-minute retention time, 
with droplet flow leading to an even lower Ð than that observed in an analogous batch experiment 
(appendix B.5). The polymerization of DMA, however, demonstrated additional complexities of running 
polymerizations in batch or continuous flow for very rapid polymerizations (Appendix B.5). For the 
polymerization of DMA, heat transfer and mixing were found to have significantly larger effects on 
conversion and Ð than RTD.  For example, in two otherwise identical reactions, conversion in a 2 mL 
batch reactor was increased from 6% to 87% upon preheating the monomer solution prior to adding the 
thermal initiator, highlighting the slow heat transfer even in small-scale batch reactions. The analogous 
flow reaction achieved a moderate conversion of 64% without any preheating. Surprisingly, attempts to 
preheat the flow reaction by separating the monomer and initiator solutions into two syringes and 
recombining them using a T-mixer led to a decrease in conversion and an increase in Ð. The collection of 
these experimental observations suggests that mixing, not reactor geometry, is the primary determinant to 
achieve controlled polymerizations in flow with monomers that exhibit rapid kinetics. For fast reactions 
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in flow, improving mixing efficiency through the use of more advanced micromixers is suggested, and a 
number of quality discussions on the topic can be found elsewhere.38,39 
3.3 Conclusion 
We have provided experimental evidence that the RTD associated with laminar flow in tubular 
microreactors has strong, statistical correlations with reaction conversion, Mn, and Ð in continuous-flow 
polymerizations. Tracer experiments coupled with in-line UV-vis spectroscopy demonstrated that 
decreasing retention time, increasing viscosity, and increasing tubing diameter resulted in broadening of 
the RTD.  For the ROTP of δ-VL, we found that the broadening of the RTD directly correlated to an 
increase in Ð and a decrease in both Mn and conversion. Droplet flow was discovered as a solution to 
mitigate the negative effects of RTD for the continuous-flow polymerization of δ-VL, resulting in a 
method that matched the results of a small-scale batch reaction while producing narrowly disperse 
polymer at a rate of 1.4 kg/day. Furthermore, these observations were generalized to polymerizations with 
different mechanisms and different reaction rates. The fundamental understanding of laminar flow’s 
influence on polymerization detailed herein will facilitate the broader adoption of continuous-flow 
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ACTIVE-LEARNING-GUIDED DISCOVER OF 19F MRI IMAGING AGENTS 
ENABLED BY AUTOMATED COPOLYMER SYNTHESIS  
4.1 Introduction 
 Next-generation challenges in soft materials will require the discovery of polymers that perform 
multiple functions simultaneously. To generate such complex soft materials, copolymerization, where two 
or more building blocks are included in a single material, is an effective strategy to achieve differentiated 
properties. The inclusion of multiple unique building blocks into a polymer often has interdependent 
effects on reactivity, structure, and properties, making a priori prediction of material function 
extraordinarily challenging. Additionally, current synthetic technology in polymer science remains 
iterative, labor-intensive, capricious, and low-throughput, making rapid experimentation and analysis 
impractical. Polymer science remains plagued, therefore, by the “curse of multidimensionality”, where 
even simple combinations of monomeric building blocks lead to a high-dimensional chemical space that 
is too vast to explore without implementing limiting assumptions.     
 The concept of computer-guided materials discovery has been proven to detect meaningful 
patterns in datasets of high dimensionality, allowing the prediction of structure–function relationships 
while only requiring a small percentage of the chemical space to be experimentally explored. One such 
approach is the use of computational modeling to define molecular structure–property relationships and 
target specific polymer compositions. In a typical workflow, however, computational and experimental 
cycles are physically and temporally separated, which slows the speed of chemical structure optimization 
to achieve desired performance. Furthermore, human intuition defines the inputs of these computational 
models, which can be restricted in their diversity due to limitations in knowledge or inherent biases.   
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Artificial Intelligence (AI) represents an alternate computer-guided materials discovery approach that 
holds the promise to dramatically accelerate the optimization of polymer structure–property relationships, 
with the opportunity to combine computational and experimental components of the materials discovery 
pipeline into an integrated and modular system. A number of automated experimentation platforms have 
resulted in early successes in the machine-learning (ML) guided synthesis and discovery of organic 
molecules and inorganic materials.1–10 Despite these impressive accomplishments, integration of 
synthesis, characterization and ML in polymer science, and in particular the design of synthetic polymers 
for a targeted application, has been limited.11,12 A critical challenge is the lack of a standardized notation 
of polymer structure and reporting of polymer properties that contextualize the underlying measurement 
and its output. Applications of ML in polymer science, therefore, have mostly been isolated to a small 
subset of commonly reported properties such as glass transition temperature or relied on legacy data 
collected within a single research group.13–16 In a seminal report, Pruksawan et al. recently demonstrated 
the utility of coupling experimentation and ML for the optimization of epoxy adhesive formulations. 
Synthesis and property evaluation of 42 samples led to a predictive model that accurately described the 
performance of 256 possible formulations.17 The reliance on labor-intensive individual formulation and 
the need to probe >16% of the chemical space to optimize an accurate model, however, limit the 
translation of this approach to more complex problems in high-dimensional chemical space. 
 We identified the discovery of high contrast 19F magnetic resonance imaging (MRI) agents as a 
challenge in need of a computer-guided materials discovery approach. 19F MRI is a high contrast 
biomedical imaging modality with the potential to track cellular transport and quantitate oxygenation with 
spatiotemporal resolution. Synthetic polymers represent attractive 19F MRI agents due to their potential 
for multivalent display of 19F atoms and their synthetic modularity. Despite decades of effort reporting 
hundreds of copolymer 19F MRI agents, critical challenges persist to develop 19F MRI agents that are both 
water soluble and contain enough fluorine nuclei to be visualized on clinical MRI scanners.18 When 
attempting to data-mine literature examples of 19F MRI agents to apply ML methods, we encountered 
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challenges standardizing the signal-to-noise ratio for 19F MRI agents across studies due to differences in 
magnetic field strength, pulse sequence, reagent concentration, and reporting procedure.  
To overcome the bottleneck of data acquisition plaguing computer-guided polymer discovery, we 
envisioned developing an automated workstation that integrates synthesis, purification, characterization, 
and ML to rapidly generate a systematic database of polymer structure–property relationships. We 
identified continuous-flow chemistry as an ideal platform for the discovery of novel copolymer materials 
due to the ease of automation, reproducible control of reaction conditions, potential for closed looped 
optimization between synthesis and analysis, and simple translation to manufacturing scales.19–26 In order 
to expedite the synthesis and analysis of copolymer samples within a high dimensional chemical space, 
we report a continuous-flow platform that synthesizes individual copolymer compositions in discrete 
droplets, thus enabling rapid interchange of multiple monomeric building blocks and well-defined control 
of continuous variables such as reagent concentration, reaction time, and reaction temperature. The 
instrument selects from six unique monomeric building blocks to create one unique copolymer 
composition every two minutes, which are individually run through prepacked size-exclusion 
chromatography columns (SEC) for facile and rapid copolymer purification. Off-line, automated nuclear 
magnetic resonance (NMR) spectroscopy provides characterization of relevant properties to assess 
copolymer performance for next-generation 19F MRI agents.    
Capitalizing on the rapid database generation provided by this continuous copolymer synthesis 
workstation, we demonstrate the ML-guided discovery of polymeric 19F MRI agents that integrates 
robotics, ML, and hierarchical exploration of the chemical space. The capability to iterate between 
structure–property evaluation and ML enabled by automation allowed us to leverage active learning (AL), 
a semi-supervised form of machine learning where the algorithm selects maximally informative materials 
to evaluate (exploration) to most efficiently train the model to identify high performing compositions 
(exploitation), to streamline discovery efforts. AL, when combined with automated synthesis and a tiered 
approach to model development, enabled the accurate prediction of 13 imaging agents from a library of 
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47,854 potential copolymers that outperformed or performed at a similar level to current state-of-the-art 
materials. Additionally, the trends uncovered in this AL-guided-discovery approach has upended the 
dogma that 19F concentration within an imaging agent is directly related to signal intensity in 19F MRI 
measurement. The more nuanced structure–property relationships identified in our study propose 
alterative design elements that are critical to consider in the design of next-generation 19F MRI agents. 
This combination of continuous flow chemistry and ML represents a powerful approach to tackle high-
dimensional challenges in polymer science where the large number of interdependent variables makes 
structure–property relationships difficult to predict or model. 
 
Figure 4.1 The active-learning-guided discovery cycle. The evaluation of copolymer 19F MRI agents relies 




4.2 Results and discussion 
4.2.1 Synthesis and characterization of copolymer 19F MRI agents 
The synthesis of high-performance polymeric 19F MRI agents requires a balance between having 
a high density of hydrophobic fluorine atoms while maintaining water solubility of the resulting polymer. 
This inherent tension has been solved in previous literature through the statistical copolymerization of 
partially fluorinated monomers such as trifluoroethyl acrylate (TFEA) with hydrophilic monomers such as 
poly(ethylene-glycol) acrylate (PEGA) to afford 19F MRI agents with moderate sensitivity. These 
copolymers provide moderate sensitivity for pre-clinical studies on high-resolution spectrometers, but do 
not demonstrate the required sensitivity to be used on 3 Tesla (T) clinical-strength MRI instruments. 
Previous work has identified that a number of different hydrophilic and partially fluorinated comonomers 
can improve 19F MRI sensitivity in isolated examples, but an understanding of how polymer composition 
relates to material performance is lacking.27–33 In order to significantly advance the state-of-the-art, we 
hypothesized that a systematic evaluation of the chemical space accessible to 19F MRI agents from the 
most promising partially fluorinated and solubilizing comonomers would provide a more comprehensive 
understanding of the structure–property–performance relationships (figure 4.2.A). The partially 
fluorinated acrylic comonomers chosen include TFEA as well as the more densely fluorinated 
hexafluorooxy-ethylacrylate and nonafluorooxy-ethylacrylate (HexaFOEA and NonaFOEA, 
respectively). The water solubilizing acrylic comonomers include PEGA as well as 2-(methylsulfiyl)ethyl 
acrylate and hydroxyethyl acrylate (MSEA and HEA, respectively).  
Copolymerization using thermally initiated reversible addition-fragmentation chain-transfer 
(RAFT) was used due to its tolerance of diverse functionality as well as its ability to provide control over 
the copolymer molar mass (Mn) and dispersity (Đ). The RAFT chain-transfer agent (CTA) methyl-2-
(butylthiocarbonothioylthiol)propanoate (MCEBTTC) was experimentally determined to provide well 
defined copolymers with predictable values of Mn while maintaining pseudo first-order kinetics during the 
copolymerization.   
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Oxygen tolerant RAFT polymerizations have proven particularly enabling for high-throughput 
experimentation due to the ease of reaction setup and fluid handling. Previously, approaches based on 
photoinduced electron/energy transfer RAFT and biocatalysis have been particularly successful.34–36 The 
solvent and temperature limitations of our specific system, however, were not compatible with these 
methods. Therefore, we developed a “polymerizing through” approach to oxygen-tolerant RAFT 
polymerization where a large flux of radicals is introduced at the start of the reaction to consume 
dissolved oxygen, and a smaller and consistent radical flux subsequently provides initiation of the RAFT 
process and controlled polymerization. A high radical flux was achieved through the addition V-70, an 
azo radical initiator with a short half-life at elevated temperatures. We discovered a small addition of V-
70 to our standard reaction conditions eliminated the need to degass the RAFT polymerizations and 
resulted in copolymers with precise control of the Mn and Đ (Table C.3).  
Following high-throughput copolymer synthesis, we recognized that copolymer purification 
presented a potential bottleneck to the exploration of large chemical space. Precipitation, the most 
common and straightforward method to purify polymers, was not broadly applicable because copolymers 
of different compositions possessed different solubilities, making a general precipitation procedure 
infeasible.  Dialysis was impractical in a high-throughput fashion due to the iterative nature of the 
technique and the significant amount of solvent waste generated. A purification procedure using aqueous 
SEC gravity desalting columns proved to be ideal.37 The workflow included taking polymer samples 
directly from the reaction and eluting them with a known amount of deionized water through the SEC 
column. Collection and subsequent drying under vacuum provided pure multicomponent polymers in high 
throughput. This approach allowed for multiple polymers to be purified in parallel and excluded water 
insoluble copolymers that would precipitate within the resin. 
The figure-of-merit chosen to evaluate the performance of multicomponent polymers as 19F MRI 
agents was the signal-to-noise (SNR) ratio taken from 1D 19F experiments on a 400 MHz NMR. 
Copolymer samples were diluted with phosphate buffered saline (PBS) solution/D2O (90:10, v/v) at a 
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concentration of 20 mg/mL.  Each copolymer composition exhibited unique 19F resonances resulting from 
a combination of factors that include copolymer composition and copolymer solution conformation 
(figure 4.2.B). The unique chemical environment resulting from the polymer solution structure influence 
19F chemical shift values (δ) and spin-lattice relaxation times (T1), with shorter 19F T1 increasing the 
signal-intensity observed during T1-weighted MRI sequences. Furthermore, polymers with high 
fluorinated comonomer content demonstrate significant peak broadening as a result of short spin-spin 
relaxation (T2). The interdependent properties that contribute to the SNR value of multicomponent 
copolymers, therefore, are difficult to predict a priori and require experimental validation.  
 
 
Figure 4.2 Synthesis of multicomponent copolymers at 19F MRI agents. (A) Six comonomers were 
chosen to balance 19F content and water solubility to synthesize statistical copolymers; (B) The 19F NMR spectra of 
30 representative copolymers demonstrating the diversity of resonances arising from different copolymer 
compositions.    
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4.2.2 Design and implementation of automated continuous flow copolymer synthesis  
While the six comonomers in figure 4.2.A established the chemical space in which we would 
explore, we sought to establish a number of boundary conditions to define the specific structures for 
synthesis and evaluation. First, the individual comonomer compositions would change by increments of 
5%. Smaller shifts in composition were unlikely to produce a measurable change in SNR and would be at 
the limit of our liquid handling technology. Second, a similar degree of polymerization (DP) was targeted 
for each copolymer 19F MRI agent to decrease the potential for chain-length effects to influence SNR 
measurements. Third, the comonomers and CTA chosen produced only linear polymers in order to 
obviate any influence that polymer architecture could have on properties. Given these boundary 
conditions, the experimental exploration of six unique monomers revealed 47,854 possible copolymer 
compositions to explore. Current synthetic technology in polymer science is too iterative, labor-intensive, 
and low-throughput to tackle a structure space of this magnitude. Therefore, we identified a combination 
of automated continuous flow technology and machine learning as an approach well-suited to this 
daunting challenge. 
Efficiently exploring the copolymer structure space using controlled radical polymerization 
required the design of a novel high-throughput flow reactor. A majority of previously reported high 
throughput copolymer synthesis systems polymerize one sample at a time and, thus, require extremely 
short reaction times to achieve a high sample throughput. For example, Hedrick and coworkers developed 
a flow reactor capable of synthesizing 100 unique block copolymers in 8 minutes, but the technology 
relied on ring-opening polymerizations with reaction times of <1 second.37 Unfortunately, controlled 
radical polymerizations suffer from reaction kinetics that are orders of magnitude slower than this 
example.  
To combat the challenge of slow copolymerization kinetics, we designed a more general flow 
platform capable of polymerizing multiple samples simultaneously. We identified droplet flow as an 
enabling approach to achieving high sample throughput regardless of polymerization kinetics. Droplet-
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based flow systems manipulate discrete volumes of reaction mixtures that are separated by an immiscible 
inert fluid.38–40 As our lab demonstrated previously, polymerization in droplets reduces the residence time 
distribution and improves control of polymer composition, molar mass (Mn), and dispersity.17 For this 
application, nitrogen gas was used as the immiscible fluid between large reaction droplets, or slugs. A 
custom liquid handler was fabricated that allowed precise formulations to be loaded into a sample loop 
before being injected into the heated reactor. Through experimentation we discovered that a wash slug of 
DMF was required between sequential reaction slugs to prevent cross-contamination.  A simplified 
schematic of the flow reactor is shown in figure 4.4.b and a more detailed version is described in 
Appendix C. 
To create a modular platform that could access a broad structure space in a user-friendly fashion, 
the reagent selection, comonomer formulation, slug injection sequence, and sample collection were fully 
automated using custom hardware and software. An Arduino microcontroller was chosen as the 
electronics platform to control the flow system, and integration of all individual components with 
LabVIEW software allowed full automation of complex reaction sequences. The use of readily accessible 
electronics and 3-D printed parts allowed for the rapid design and prototyping of hardware components 
optimized for high throughput copolymer synthesis. The custom liquid handler enabled the efficient and 
precise formulation of 300 µL reaction slugs containing radical initiators, up to six different comonomers, 
and a compatible RAFT chain transfer agent. To achieve droplet-flow, each 300 µL reaction slug is 
confined on both sides by two nitrogen slugs and loaded into the sample loop of a two-position six-port 
switching valve. At a pre-determined point during the automated reaction sequence these slugs are 
injected into the flow stream and begin traveling toward the heated reactor. The heated reactor consisted 
of tubing embedded in a machined aluminum block. A heating element on the bottom of the aluminum 
block provided thermal energy, while a thermocouple and PID temperature controller provided accurate 
temperature regulation. The residence time of the copolymerization is determined by the internal volume 
of tubing in the heated reactor and the flow rate of the liquid. Upon exiting the reactor, samples are 
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collected in a 30-slot sample collection carousal. Rotation of the carousal is triggered by an RI detector 
immediately upstream, which tracks the number of eluted slugs by monitoring the change in refractive 
index between reaction slugs and nitrogen slugs.  
The entire droplet flow system occupies a small footprint (43 cm by 46 cm by 96 cm) and is fully 
enclosed, allowing safe bench-top operation. LabVIEW software controlling the flow reactor is capable of 
extracting relevant reaction parameters from comma separated value (CSV) files generated by the user or 
the AL algorithm. Additionally, operation of the reactor is fully touch screen enabled allowing use by 
non-experts. The combination of these efforts afforded an easy-to-use droplet flow reactor capable of 
synthesizing a new copolymer composition every two minutes, allowing the synthesis of 30 unique 
copolymers in two hours using 12 mL of reaction solution. The typical workflow for synthesis, 
purification, and analysis was optimized to evaluate batches of 30 unique 19F MRI contrast agents. This 
workflow consisted of i) preparation of monomer stock solutions, ii) automated synthesis of copolymers 
in flow, iii) transfer of samples to gravity fed SEC columns, iv) drying of polymer containing fractions, 
and v) 19F NMR analysis and data work-up. Not including drying times, this method allowed the 
evaluation of 30 samples in a single 8-hour workday. To evaluate the reproducibility of this workflow, 
twenty representative compositions were run in triplicate and the tabulated results can be found in table 
C.2. The accumulative errors across all steps of the workflow resulted in a modest average standard 
deviation of four SNR units across the studied copolymer samples. Additionally, the automated and 
modular flow platform described herein will enable simple expansion to accommodate new chemistries 




Figure 4.3 Automated continuous-flow reactor development. (A) Simplified reactor schematic. (B) 
Droplet-flow reactor. (C) Rapid prototyping enabled by 3-D printed hardware and a modular electronics platform. 
(D) Demonstration of droplet technology using colored dyes. 
4.2.3 Training of machine learning algorithm to predict champion materials 
With the continuous copolymer synthesis platform established, we sought the most efficient 
computer-guided materials discovery workflow to develop structure–performance relationships for 19F 
MIR agents. Typical machine learning approaches require a large portion of the overall structure space to 
be explored (>5%) before converging onto an accurate model, which would require the synthesis of an 
impractical number (>2200) of individual copolymers. Furthermore, we required an approach that not 
only predicted SNR for 19F MRI, but also overlaid that model with an approach that predicted the water 
solubility of these synthetic copolymers. The solubility and SNR of 19F MRI agents are inextricably 
linked because higher SNR is related to higher density of 19F atoms, but at a critical density of 
hydrophobic fluorine content polymers will precipitate from solution.  
Given the performance parameters of copolymer 19F MRI agents, we identified a combination of 
active learning (AL) and a multi-objective optimization to provide an intimate coupling between 
experimentation and computation for maximally efficient structure searching. Active learning is a semi-
supervised form of machine learning where the AL algorithm selects maximally informative material to 
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evaluate (exploration) to most efficiently train the model to identify high performing compositions 
(exploitation). Still, the very large combinatorial space of copolymer composition would require an initial 
dataset of copolymers that was laborious to synthesize. We hypothesized, since polymer composition is a 
continuous variable whose boundary conditions can be adjusted, that a hierarchical sampling of 
experimental space would be a more efficient approach. Therefore, the experimental and computational 
work was initiated where individual comonomer compositions would change by 10%, which provided a 
more manageable potential structure space of 2,486 possible copolymer compositions. This would allow 
model development with a smaller library of initial data points, and as model performance improved 
switching to the larger structure space of 47,854 potential copolymers with a 5% step in comonomer 
composition would be feasible.    
The AL engine was integrated into with the flow system (Figure 4.1) and afforded a fully 
automated selection of the next batch of copolymers. Overall, the AL cycle consist of four steps organized 
in a cycle: (1) train a proxy ML-models on acquired up to a certain point data, (2) use these models to 
screen the compositional space of polymers, (3) select optimal set of candidate compositions, (4) perform 
synthesis and experimental measurement of selected polymers and use this data to update the ML-
model(s). Provided an initial dataset of SNR values for 157 copolymers, we tested a variety of models and 
found Random Forest best captured the non-linear relationships between polymer composition and 
material performance. In order to simultaneously optimize for water-solubility and SNR, we used two 
separate ML models; the first was a classification model that predicted the probability of water solubility, 
and the second was a regression model that predicted 19F NMR SNR values. To balance exploration and 
exploitation we used a spherical exclusion clustering to sample a representative sample batch for further 
experimental analysis from a set of candidate compositions.  
Computer-guided materials discovery began with performance data on 157 copolymers in the 
structure space of 2,486 copolymers. The AL cycle was run two additional times in exploration mode at a 
batch size of 30 copolymers each, at which time the mean absolute error decreased to below eight SNR 
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units (Figure 4.4). Given the increasingly accurate model performance in the smaller chemical space, we 
sought to translate the model to exploitation mode to search for high performing materials in the larger 
chemical space of 47,854 potential copolymers. This initial effort led to a batch of 30 copolymers that 
were all insoluble in water, highlighting the limitations of the model derived from the courser chemical 
space. 
With an accurate model already in an advanced stage of development for a modest structure space 
(2,486 copolymers), we began AL exploration cycles in the much larger copolymer structure space with a 
5% step in comonomer composition at a batch size of 30 copolymers (47,854 copolymers). The SNR 
predictions remained quite accurate with the model developed in the courser chemical space even in the 
initial cycles, but the multi-objective optimization that included solubility required a significant number 
of experimental results to converge. As shown in figure 4.4, AL step 3 and 4 resulted in the synthesis of 
many insoluble samples as the algorithm searched for the subtle parameters that define solubility. An 
additional two rounds of exploration (steps 5 and 6) further improved predictive power and resulted in an 
AL model that could accurate predict the SNR values of soluble copolymers with a mean absolute error of 
< 7 SNR units. Given the experimental error of the automated synthesis system is 4 SNR units (vide 
supra), the model was deemed to be acceptably predictive. A visual representation of the samples that 
were selected by the algorithm and experimentally produced by the flow system at each iteration is shown 
in figure C.3. 
  To study the influence of molecular weight on copolymer 19F MRI performance, a large subset of 
the data was analyzed by size exclusion chromatography (SEC) and polymer molar mass and dispersity 
were calculated. The data was used as an input for the ML model (table C.4), but no statistical correlation 
between molar mass and material performance was identified. Given that all polymerizations targeted the 
same DP, the modest differences in molar mass did not influence polymer 19F MRI agent sensitivity. 
Providing the increasingly accurate model predictions, we initiated an exploitation AL cycle by 
having the model greedily select 19F MRI agents with potential high performance. The batch of 30 
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samples included 15 copolymers with an SNR over 80 and two that exceeded the values of the highest 
performing copolymers reported in our previous study. The batch also included 11 samples that were 
insoluble, which represented a significant improvement over the attempt at exploitation prior to model 
development in the larger chemical space. Overall, this hierarchical AL model development workflow 
produced a robust model to predict the structure–performance relationships of 47,854 potential copolymer 
19F MRI agents while experimentally exploring < 0.9% of structure space (397 copolymers).  
 
Figure 4.4 Analysis of ML algorithm performance. Top section shows average error between predictive 
algorithm and experimental results across different AL steps. Bottom section shows new polymer samples 
synthesized and their respective solubility and SNR values. 
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4.2.4 Selection and performance testing of champion 19F MRI agents 
 With experimental data collected on 397 copolymer 19F MRI agents, we sought to conduct a 
retrospective analysis to better understand structure–property relationships. The central dogma in this 
field is that copolymers with higher 19F content have higher SNR in 19F MRI experiments. The trend has 
been observed across numerous studies that report individual or small libraries of copolymer 19F MRI 
agents. Considering the three partially fluorinated monomers chosen for this study (figure 4.2.A), 
therefore, we hypothesized that copolymers made with NonaFOEA would have the highest sensitivity.  
 The parallel coordinate diagram in figure 4.5.A collects data for copolymer composition, weight 
percent (wt%) 19F, and SNR for each of the 397 copolymers produced in this study. Initial evaluation of 
this data demonstrated an unexpected but clear discontinuity between wt% 19F and SNR. To describe 
these effects in more detail, comparing a few representative copolymers is instructive. Copolymer 1 
represents the highest performing copolymer, with an SNR of 111. The sample, along with >80% of the 
samples that achieved an SNR > 100, had HexaFOEA as the fluorine-containing comonomer, which 
refuted our initial hypothesis that NonaFOEA would give the highest performance due to its higher wt% 
of 19F. The sample contained only 21.6 wt% fluorine yet outperformed the dozens of copolymer samples 
that contained higher fluorine density. 1 also contained more than one solubilizing comonomer, which is a 





Figure 4.5 Visualization of experimental 19F structure space. A.) Parallel coordinate diagram with six 
representative compositions colored and shown in table format. B.) 2-D representation of the polymeric structure 
space with ML algorithm SNR prediction color coded. Circled samples represent structures experimentally 
validated. C.) 2-D representation of the polymeric structure space with major comonomer component color coded. 
Circled samples represent structures experimentally validated. 
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 Comparing 1 to other copolymers provides comparative structure–property information. 
Copolymer 2 contains approximately the same wt% fluorine at 1, but the use of NonaFOEA instead of 
HexaFOEA and lack of solubilizing monomers beyond PEGA results in a lower SNR of 100. Copolymers 
3 and 4 both have higher wt% fluorine than 1, but the higher fluorine density is the result of a 
combination of partially fluorinated monomers in the copolymers, which limits the SNR of any one 19F 
resonance. Lastly, copolymer 5 demonstrates the limitations of TFEA to achieve high SNR despite its 
high mol% incorporation.  
  The unexpected structure–property trends observed herein, including the limited correlation 
between wt% 19F and SNR and the exceptional performance of HexaFOEA, underscores the importance 
of high-throughput synthesis coupled to computer-guided materials design; alternative workflows limited 
by human bias and resource constraints may have excluded testing of these non-intuitive materials. 
Despite a wealth of structure–property data, however, the many interdependent variables that lead to high 
19F MRI SNR still made human prediction unreliable. The ML model, and multi-objective optimization 
embedded within it, provided a valuable tool to visualize chemical space and highlight important 
structure–property relationships that were otherwise not apparent. Figure 4.5.B shows a two-dimensional 
representation of the 47,854 possible copolymers. The SNR values are represented by the color gradient 
in the image, while the 397 samples that were produced experimentally are represented as circular icons. 
Most striking in this image are the many disconnected “islands” within the chemical space where high 
SNR copolymers are located. Considering this plot in tandem with the representation of chemical 
composition (figure 4.5.C) demonstrates that high-performing copolymers predominately contain 
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HexaFOEA and NonaFOEA, but identifying a pattern for the non-fluorinated comonomers that lead to 
high SNR is non-intuitive. 
Figure 4.6 Visualization of 19F structure space. A.) 2-D representation of copolymer structure space with ML 
algorithm predictions for water solubility color coded. Experimentally validated samples are color coded. B.) 
Zoomed-in portion of the structure space where the highest performing copolymers resided. Comparison of the SNR 
and water solubility models within this area of interest. 
 
  The complexity of the identifying soluble high-performing 19F MRI agents can be visualized by 
examining the SNR and water solubility models predictions in areas containing high-performing materials 
64 
 
(figure 4.6.A). The “islands” where high SNR is predicted overlay quite closely with area in which few 
copolymers are predicted to be soluble, which is expected due to the intrinsic relationships between 
fluorine density and hydrophobicity. A more detailed visualization in figure 4.6.B shows a zoom in on the 
western region of the chemical space, with both the SNR and water solubility prediction shown. The 
solubility prediction clearly shows the complex geography of the chemical space where high SNR and 
water solubility coincide. We hypothesize that the non-intuitive relationship between polymer 
composition and solubility is due to the subtle influence that sequence and comonomer identity can have 
on the conformation of a flexible polymer chain, and thus the functionality present on the exterior of the 
globule that must interact with water to maintain solubility.   
Among the copolymers synthesized, eight were selected for analysis using application-specific 
techniques. These included evaluation of 19F NMR T1 and T2 relaxation times as well as MRI imaging 
using a T1-weighted fast low angle shot (FLASH) pulse sequence (table C.1). These samples were chosen 
to represent copolymer compositions that were structurally diverse and demonstrated a high SNR on 
preliminary 19F NMR studies. As shown in figure 4.6.C, 19F NMR SNR and 19F MRI SNR correlated very 
well except for the samples containing a large amount of MSEA, which had significantly worse MRI 
performance than the 19F NMR studies predicted. These MRI studies confirmed a number of observations 
that the AL algorithm converged upon. First, copolymers that contained three or more comonomers 
generally outperformed two-component copolymers, which we hypothesize is a result of the difficulty for 
fluorinated moieties to segregate into dense phases within a compositionally complex polymer globule. 
Second, although previous work set a detection limit of 126 mM 19F for visualization on a 3 T clinical 
MRI scanner, we demonstrate that mM 19F is not an accurate predictor of 19F MRI sensitivity. For 
example, the highest performing HexaFOEA and NonaFOEA multicomponent copolymers (~240 mM 19F 
and 230 mM 19F, respectively) both displayed 1.4 times higher 19F MRI SNR than the highest sensitivity 
previously reported, which used NonaFOEA at a concentration of 220 mM 19F. Therefore, the increase in 
19F MRI SNR cannot be solely attributed to an increase in the concentration of fluorine nuclei, and further 
illustrates the interdependent nature of the variables responsible for 19F MRI sensitivity. Lastly, both 
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HexaFOEA and NonaFOEA copolymers reached a limit in achievable 19F MRI SNR at nearly 240 mM 
19F, which could represent the threshold of fluorine concentration before water-insolubility and 
detrimental 19F T2 broadening start to impact MRI sensitivity. 
4.3 Conclusion 
The experimental validation and subsequent development of multi-functional materials is limited 
by both labor-intensive synthetic processes and the challenges of exploring large structure spaces 
comprised of multiple interdependent inputs. To overcome this problem, we explored the synergistic use 
of an automated droplet-flow reactor and an active learning algorithm to efficiently screen for high 
performing 19F MRI agents. With a flow reactor capable of synthesizing 30 copolymer samples in a two-
hour period, we were able to iteratively train two predictive ML algorithms. After experimentally 
screening 397 copolymers (<0.9% of the total structure space) the ML algorithms were able to accurately 
predict both 19F performance and polymer solubility of untested samples. Exploring the structure space 
containing 47,854 synthetically accessible compositions, these two ML algorithms discovered 13 
copolymers that experimentally showed performance on par or exceeding current state-of-the-art 19F MRI 
agents. We believe the smart discovery of new materials using tools such as automated synthesis and 
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER TWO 
A.1 General methods and materials 
Reagents, unless otherwise specified, were purchased and used without further purification.  
Methacrylated lignin monomers were synthesized according to literature procedures and purified by 
column chromatography using a 92:8 hexanes:ethyl acetate mobile phase.1   
Proton nuclear magnetic resonance spectra (1H NMR) were recorded on a Bruker 500 MHz or 
Bruker AVANCE III 600 MHz CryoProve spectrometer with a solvent resonance as the internal standard 
(1H NMR: CDCl3 at 7.26 ppm). Acquisition parameters: relaxation delay (D1 time) of 5 seconds, 
acquisition time of 6 seconds, spectral width was set to 11ppm, and O1p was set to 4 ppm. Additional 
notes: high quality shimming was necessary to fully resolve integrated peaks from 13C satellites.  Proper 




Figure A.1 Flow equipment utilized to measure comonomer reactivity ratios. Flow tubing and 
connections were purchased from Upchurch Scientific (IDEX Health and Science).  Syringe pumps and syringes 
were purchased from Harvard Apparatus. A. PEEK super-flangeless nut B. Yellow super-flangeless ferrule with 
corresponding stainless steel ferrule ring -- sold separately. C. 0.02 ID PFA tubing D. Standard union, Tefzel E. 4-
way “L” switch valve F. back pressure regulator, 40 PSI (part number P-785) G. Static mixing Tee H. 20 mL 
stainless steel syringe I. Ph.D Ultra syringe pump 
Additional components: Chemraz O-rings were purchased for the 20 mL syringes in order to 
prevent swelling due to exposure to Toluene (Harvard Apparatus).  Luer-lock adapters were purchased to 
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allow withdrawing reaction solution using standard needles (Idex Health and Science). 
 
Figure A.2 Aluminum heating block. A. Custom aluminum heating block with a digital temperature controller, 
imbedded tubular heating elements, and a thermal couple for temperature detection was used to achieve accurate and 
reproducible heating. Different reactor volumes were used to help control reaction time. B. Cross section of 11in 
“M” reactor geometry. C. Cross section of 22in “MR” reactor geometry.   
A.2 Sample calculation for determining FA and fA from 1H NMR spectrum 
Calculation of a monomer pair’s reactivity ratio requires the experimental determination of fA and 
FA for multiple different monomer compositions.  The various linear and non-linear methods match those 
values of fA and FA to a pair of reactivity ratios based on the copolymer equation.  Here is a short 
discussion on how to calculate fA and FA using this continuous flow methodology.  A discussion on how to 
implement the various linear and non-linear methods can be found elsewhere.2,3,4,5 
The first value we will calculate is fA which describes the initial mole fraction of unreacted 
monomer before any polymerization has occurred.  Rather than determining fA by taking an initial NMR 
spectra for each sample, this method uses two internal standards whose NMR integrations directly 
correspond to initial monomer concentrations.  This initial monomer-to-internal standard ratio is 




Analysis of the initial, unreacted solution (MMA-Styrene trial 1 shown above) determines the 
ratio of unreacted monomer to internal standard.  Since we assume the concentrations of unreacted 
monomer and internal standard inside the syringes remain homogeneously mixed and unchanged during 
the reaction, analysis of internal standard peaks is used as an indirect measurement of initial monomer 





MMA-Styrene unreacted initial NMR spectra 
ISAi = initial NMR Integration value of internal 
standard (HMDSO) in syringe A. 
ISBi = initial NMR Integration value of 
internal standard (BTMSB) in syringe b. 
MAi = initial NMR Integration value of 
monomer (MMA) in syringe A. 
MBi = initial NMR Integration value of 









The above sample, taken post polymerization, shows a decrease in monomer concentration 
corresponding to polymerization.  Internal standard peaks determine initial monomer concentration.  
Combination of the integral values of these two spectra allow the calculation of fA. 
𝑓𝐴 =
Initial concentration of monomer A
Initial concentration of monomer A + Initial concentration of monomer B
 












Next, we will calculate 𝐹𝐴 which corresponds to the mole fraction of monomer A incorporated 
into the final polymer.  Rather than directly measuring the composition of the resulting polymer, this 
method measures the change in monomer concentration.  This makes the assumption that any decrease in 





MMA-Styrene post-polymerization final NMR 
spectra 
ISAf = final NMR Integration value of internal 
standard (HMDSO) in syringe A. 
ISBf = final NMR Integration value of internal 
standard (BTMSB) in syringe b. 
MAf = final NMR Integration value of monomer 
(MMA) in syringe A. 
MBf = final NMR Integration value of monomer 







𝐹𝐴 = Mol ratio of monomer A incorporated into polymer 
𝐹𝐴 =
Amount of monomer A in polymer
Amount of monomer A in polymer + Amount of monomer B in polymer
 
𝐹𝐴 =  
∆Monomer A concentration
∆Monomer A concentration +  ∆Monomer B concentration
 








 𝑥 IS𝐴𝑓) − M𝐴𝑓 + (
M𝐵𝑖
IS𝐵𝑖
 𝑥 IS𝐵𝑓) − M𝐵𝑓
 
Calculating fA and FA for this sample allows us to plot one point (red) on the Mayo-Lewis plot 
shown below.  Repeat calculations for the other eight points using the same initial spectra allows further 
calculation of reactivity ratio using linear or non-linear methods. 
 
A.3 Specific procedures for lignin-based monomer reactivity ratios 
A slightly modified procedure was used to calculate the reactivity ratios of the lignin based 
monomers.  These monomers had higher molecular weights compared to the other monomers studied.  
This made it impractical to create solutions using the typical (2.8M) concentrations.  Instead, lower 
monomer concentrations and higher initiator concentrations were used for these copolymerizations. These 
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changes did not influence the quality of the data for calculating reactivity ratios.  Sample stoichiometry is 
shown below. 
Syringe 1: 6 mL (34 mmol) of guaiacol methacrylate (GM) + 200 mg (0.9 mmol) 1,4-
bis(trimethylsilyl)benzene +10mL of toluene. 
Syringe 2: 3.6 mL (34 mmol) of MMA + 0.4 mL (2 mmol) hexamethyldisiloxane + 12.4 mL toluene 
Syringe 3: 395 mg (2.4 mmol) of AIBN + 16mL toluene 
A.3 Comments about internal standards 
Proper selection of 1H NMR internal standards is crucial for accurate determination of reactivity 
ratios via this method.  General guidelines for picking internal standards are as follows:  
• Each internal standard needs to be resolved from any other peaks (including formed copolymer 
peaks) 
• They should be non-volatile 
• They should have a large number of equivalent hydrogens to increase signal to noise without 
requiring high concentrations 
• They should be inert to the reaction conditions 
With these requirements in mind, we propose the use of hexamethyldisiloxane (HMDSO) and 1,4-
bis(trimethysilyl)benzene (BTMSB) as a general set of internal standards, however these compounds are 
not universally applicable.  For example, HMDSO was found to react with monomers containing free 
alcohols such as hydroxy ethylacrylate.  HMDSO also showed slight reactivity with styrene.  As a result, 
styrene and HMDSO were combined in separate syringes for all copolymerizations. 
A.4 Importance of mixing 
Proper mixing is crucial in calculating accurate reactivity ratios.  Poorly mixed regions can lead 
to increased homopropogation and skewing of reactivity ratio values.  We found that flow rates below 0.3 
mL/min produced less reproducible data which could be attributed to poor mixing.  To keep flow rates 
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above this threshold larger reactors were used for slow polymerizations.  In addition, two feet of tubing 
was used to separate the reactor and the point where the three solutions were combined at a T-mixer.  This 







A.5 Methyl methacrylate – styrene copolymerization (1 of 3) 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios.  D. NLLS 95% joint confidence region with 
other methods for comparison. E. Fineman Ross plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos plot. 
H. representative NMR spectra highlighting what peaks were used for calculation and what internal 
standard was used for each monomer. 
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A.6 Methyl methacrylate – styrene copolymerization (2 of 3) 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios. Two points missing due to pump 
malfunction.  D. NLLS 95% joint confidence region with other methods for comparison. E. Fineman Ross 
plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos plot. H. representative NMR spectra highlighting 
what peaks were used for calculation and what internal standard was used for each monomer. 
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A.7 Methyl methacrylate – styrene copolymerization (3 of 3) 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios.  D. NLLS 95% joint confidence region with 
other methods for comparison. E. Fineman Ross plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos 
plot. H. representative NMR spectra highlighting what peaks were used for calculation and what internal 
standard was used for each monomer. 
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A.8 Tert-butyl acrylate – vinyl pyrrolidone copolymerization 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios.  D. NLLS 95% joint confidence region with 
other methods for comparison. E. Fineman Ross plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos 
plot. H. representative NMR spectra highlighting what peaks were used for calculation and what internal 
standard was used for each monomer. 
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A.9 Methyl methacrylate – methacrylate copolymerization 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios.  D. NLLS 95% joint confidence region with 
other methods for comparison. E. Fineman Ross plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos plot. 
H. representative NMR spectra highlighting what peaks were used for calculation and what internal 
standard was used for each monomer. 
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A.10 Styrene – n-butyl acrylate copolymerization 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios.  D. NLLS 95% joint confidence region with 
other methods for comparison. E. Fineman Ross plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos 
plot. H. representative NMR spectra highlighting what peaks were used for calculation and what internal 
standard was used for each monomer. 
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A.11 Methyl methacrylate – n-butyl acrylate copolymerization 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios.  D. NLLS 95% joint confidence region with 
other methods for comparison. E. Fineman Ross plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos 
plot. H. representative NMR spectra highlighting what peaks were used for calculation and what internal 
standard was used for each monomer. 
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A.12 Guaiacol methacrylate – methyl methacrylate copolymerization 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios.  D. NLLS 95% joint confidence region with 
other methods for comparison. E. Fineman Ross plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos 
plot. H. representative NMR spectra highlighting what peaks were used for calculation and what internal 
standard was used for each monomer. 
85 
 
A.13 4-ethyl guaiacol methacrylate – methyl methacrylate copolymerization 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios.  D. NLLS 95% joint confidence region with 
other methods for comparison. E. Fineman Ross plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos plot. 
H. representative NMR spectra highlighting what peaks were used for calculation and what internal 
standard was used for each monomer. 
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A.14 4-ethyl guaiacol methacrylate – tert-butyl acrylate copolymerization 
 
A. Comparison of literature values with our experimental data (100 °C) calculated using four different 
methods. B. Individual monomer conversion at different comonomer ratios. C. Mayo-lewis plot of data 
points overlaid with literature and calculated reactivity ratios.  D. NLLS 95% joint confidence region with 
other methods for comparison. E. Fineman Ross plot. F. Kelen-Tudos plot G. Extended Kelen-Tudos 
plot. H. representative NMR spectra highlighting what peaks were used for calculation and what internal 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER THREE 
B.1 General methods and materials 
B.1.1 Reagents 
δ-valerolactone was dried over calcium hydride, distilled, and stored in a glove box prior to use.  
N-isopropylamide was recrystallized once from a 50/50 mixture of hexanes/toluene prior to use. n-butyl 
acrylate and N,N-dimethylacrylamide were passed through an alumina column in order to remove 
inhibitor prior to use. All other reagents were purchased and used without further purification. 
B.1.2 Analysis 
Proton nuclear magnetic resonance spectra (1H NMR) were recorded on a Bruker model DRX 
400 MHz spectrometer with a solvent resonance as the internal standard (1H NMR: CDCl3 at 7.26 ppm or 
D2O at 4.79 ppm).  UV-Vis spectra were measured on a Gilson 151 UV/VIS Multilength Detector at 254 
nm coupled with a Vapourtec R-series recorder. 
Gel permeation chromatography (GPC) for poly(N,N-dimethylacrylamide) samples were 
performed on an Agilent 1260 Infinity separation module liquid chromatograph equipped with two 
Agilent Resipore Columns (PL1113-6300) maintained at 50 °C, and an Agilent 1260 RID G1362A 
refractive index detector at 50 °C.  A solution of 0.1 wt% LiBr in dimethylformamide (DMF) was used as 
the mobile phase at a flow rate of 1.0 mL/min. Molecular weight and dispersity data are reported relative 
to poly(ethylene oxide) standards. 
For all other polymer samples GPC analysis was performed on a Waters 2695 separations module 
liquid chromatograph equipped with either four Waters Styragel HR columns (WAT044225, 
WAT044231, WAT044237, and WAT054460) arranged in series or two Agilent Resipore columns 
(PL1113-6300) maintained at 35 °C, and a Waters 2414 refractive index detector at room temperature. 
Tetrahydrofuran was used as the mobile phase at a flow rate of 1.0 mL/min. Molecular weight and 
dispersity data are reported relative to polystyrene standards.   
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Viscosity measurements for polyethylene glycol-water solutions were taken on an ARES-G2 
from TA instruments using a concentric cylinder and cup geometry.  These solutions were prepared by 
dissolving polyethylene glycol (Mn = 20,000 g/mol) in water. 
B.2 Flow geometries 
Flow rates for all experiments were calculated by measuring the internal volume of the reactor 
tubing and dividing by the desired retention time. Listed below are the lengths of tubing used in each 
experiment. 
 
B.3 Flow equipment 
Flow tubing and connections were purchased from Upchurch Scientific (IDEX Health and 
Science).  Syringe pumps and syringes were purchased from Harvard Apparatus. Luer-lock adapters were 




Figure B.1 Continuous flow equipment. A. PEEK super-flangeless nut B. Yellow super-flangeless ferrule 
with corresponding stainless steel ferrule ring -- sold separately – larger sizes needed for 0.063 and 0.093 in. tubing. 
C. 0.02 in., 0.03 in., 0.04 in., 0.063 in., and 0.093 in. tubing D. Vapourtec SF-10 peristaltic pump E. Micrometering 
valve (part number p-445) F. back pressure regulator, 40 PSI (part number P-785) G. Static mixing Tee H. 20 mL 




Figure B.2 Reaction setup for the scaled-up synthesis of poly(δ-valerolactone). Useful protocol for how 
to set-up a flow system can be found at the following reference: Britton, J.; Jamison, T. F.; The assembly and use of 
continuous flow systems for chemical synthesis. Nature Protocols. 2018, 12, 2423-2446 
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B.4 Polymerization methodology 
B.4.1 Poly(δ-valerolactone) 
In the glove box using dry reagents and solvents, two solutions were prepared.  The first was 
charged with 0.925 mL (10 mmol) of δ-valerolactone, 0.75 mL of DCM, and a stir bar. The second was 
charged with 1 mL of DCM, 4.5 mg (0.032 mmol) of triazabicyclodecene, and 10μL (0.080 mmol) of 
anhydrous 1-hexanol.  To initiate the polymerization the two solutions were combined at room 
temperature and allowed to stir for 10 minutes before being quenched by addition of a small amount of 
acetic acid.  At 100% conversion the target DP is 125 and the target Mn is 12,500. 
For flow reactions the solutions were instead loaded into two different syringes that had been 
dried under vacuum overnight and brought into the glovebox.  Outside of the glove box the syringe 
pumps were set to an identical flow rate with the total rate targeting a 10 minute retention time.  A third 
pump containing an acetic acid/DCM solution was used to quench the reaction.  To reach steady state, the 
pumps were run for 30 minutes (3 retention times) before collecting product. 
For scale-up in droplet flow, solutions were prepared inside the glove box in two separate septum 
caped Erlenmeyer flasks.  The peristaltic pumps were set to flow rates slightly lower than predicted for a 
10-minute retention time.  At first the peristaltic pumps pumped DCM through the system to allow 
manual adjustment of the argon flow rate until a 10-minute retention time was approximated by visually 
measuring the velocity of the air bubbles.  Once a suitable retention time was estimated the peristaltic 
pumps began feeding from their respective monomer and catalyst/initiator solutions.  When those 
solutions had been depleted the pumps were switched back to DCM to push the remaining volume of 
reaction solution through the reactor.  During this experiment 100% of material was collected in a single 
vessel and then further analyzed via NMR and GPC. 
93 
 
B.4.2 Poly(n-butyl acrylate) 
A single round bottom flask was charged with 28.7 mL (0.2 mol) of deinhibited n-butyl acrylate, 
98.5 mg (0.6 mmol) of azobisisobutyronitrile, 254 mg (2 mmol) of 2-(2-
carboxyethylsulfanylthiocarbonylsulfanyl)propionic acid and 71.3 mL of ethyl acetate.  Argon was then 
bubbled through the solution for 60 minutes. At 100% conversion the target DP is 200 and the target Mn is 
25,600 g/mol 
For the batch reaction a 2 mL sample was transferred into a small vial pre-purged with Argon and 
equipped with a stirbar and gas-tight septa.  The vial was allowed to stir in a 80°C heat bath for 30 
minutes before being quenched by the addition of butylated hydroxytoluene and removal from heat. 
For flow reactions the desired length of tubing was submerged in a 80°C heat bath before the 
solution was loaded into a syringe and the flow rate of the syringe pump was set to target a 30 minute 
retention time.  To reach steady state, the pump was run for 90 minutes (3 retention times) before product 
was collected in a vial containing a small amount of butylated hydroxytoluene.  
For scale-up in droplet flow, the desired length of tubing was submerged in a 80°C heat bath 
before the peristaltic pump was set to flow rate slightly lower than predicted for a 30 minute retention 
time.  At first ethyl acetate was pumped through the system to allow manual adjustment of the argon flow 
rate until a 30 minute retention time was approximated by visually measuring the velocity of the air 
bubbles.  Once a suitable retention time was estimated the peristaltic pump began feeding from reaction 
solution.  When that solution had been depleted the pumps were switched back to ethyl acetate to push the 
remaining volume of reaction solution through the reactor.  During this experiment 100% of material was 
collected in a single vessel and then further analyzed via NMR and GPC. 
B.4.3 Poly(N-isopropylacrylamide) 
A 100 mL volumetric flask was charged with 22.6 g (0.2 mol) of N-isopropylacrylamide, 98.5 mg 
azobisisobutyronitrile, and 254 mg (2 mmol) of 2-(2-carboxyethylsulfanylthiocarbonylsulfanyl)propionic 
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acid.  Ethyl acetate was added until the total solution volume reached 100 mL.  Argon was then bubbled 
through the solution for 60 minutes. At 100% conversion the target DP is 200 and the target Mn is 22,600 
g/mol. For the batch reaction a 2 mL sample was transferred into a small vial pre-purged with Argon and 
equipped with a stirbar and gas-tight septa.  The vial was allowed to stir in a 100°C heat bath for five 
minutes before being quenched by the addition of butylated hydroxytoluene and removal from heat. 
For flow reactions the desired length of tubing was submerged in a 100°C heat bath before the 
solution was loaded into a syringe and the flow rate of the syringe pump was set to target a 5 minute 
retention time.  To reach steady state, the pump was run for 15 minutes (3 retention times) before product 
was collected in a vial containing a small amount of butylated hydroxytoluene.  
For scale-up in droplet flow, the desired length of tubing was submerged in a 100°C heat bath 
before the peristaltic pump was set to a flow rate slightly lower than predicted for a 5-minute retention 
time.  At first ethyl acetate was pumped through the system to allow manual adjustment of the argon flow 
rate until a 5-minute retention time was approximated by visually measuring the velocity of the air 
bubbles.  Once a suitable retention time was estimated the peristaltic pumps began feeding from reaction 
solution.  When those solutions had been depleted the pumps were switched back to ethyl acetate to push 
the remaining volume of reaction solution through the reactor.  During this experiment 100% of material 
was collected in a single vessel and then further analyzed via NMR and GPC. 
B.4.4 Poly(N,N-dimethylacrylamide) 
A single vial was charged with 6.15 mL (0.060 mol) of deinhibited N,N-dimethylacrylamide, 9.6 
mg (0.030 mmol) of 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044), 35.7 mg ( 0.15 
mmol) of 2-(butylthiocarbonothioylthio)propanoic acid, 19.2 mL deionized water, and 4.65 mL 1,4-
dioxane. The solution was not degassed prior to reacting.  At 100% conversion, the target DP is 400 and 
the target Mn is 39,700 g/mol. For the batch reaction a 2 mL sample was transferred into a small vial pre-
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purged with Argon and equipped with a gas-tight septa.  The vial was allowed to stir in a 100°C heat bath 
for 1 minute before being removal from heat and exposed to air to allow quenching. 
For the preheated batch reaction, the initiator was separately dissolved at room temperature in 0.2 
mL of deionized water and injected into monomer/CTA solution that had been submerged in a 100°C heat 
bath for two minutes.  
For flow reactions the desired length of tubing was submerged in a 100°C heat bath before the 
solution was loaded into a syringe and the flow rate of the syringe pump was set to target a 1 minute 
retention time.  To reach steady state, the pump was run for 3 minutes (3 retention times) before product 
was collected in a vial open to air.  
For scale-up in droplet flow, the desired length of tubing was submerged in a 100°C heat bath 
before the peristaltic pump was set to a flow rate slightly lower than predicted for a 1-minute retention 
time.  At first the peristaltic pumps pumped deionized water through the system to allow manual 
adjustment of the argon flow rate until a 1-minute retention time was approximated by visually measuring 
the velocity of the air bubbles.  Once a suitable retention time was estimated the peristaltic pump began 
feeding from reaction solution.   





The polymerization of N-isopropylacrylamide in droplet flow achieved a narrower Ð than batch.  
We hypothesize that this is due to the loss of control in batch at these higher temperatures.  When 
combined with a back-pressure regulator, the polymerization in flow is better able to maintain control at 
temperatures well above the solvent’s boiling point. 
B.5.2 Poly(N,N-dimethylacrylamide) 
 
For this reaction, the rate of heat transfer and mixing played a large role in the conversion of the 
product.  These variables had a larger influence than for other reactions because of the short reaction time, 
the high specific heat of water, and the need for rapid mixing to facilitate simultaneous initiation.  For 
these reasons it was difficult to discern if the drastically different conversions are due to RTD effects or 
different rates of mixing and heat transfer in each geometry.  
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B.6 Sample residence time distribution visualization 
Raw UV-vis data was collected from the recorder as a number of discrete data points. 
 
The slope cannot be directly found using the first derivative because the raw data is a number of 
discrete points rather than a continuous function.  Instead slope of each data point is measured by the ratio 
of change in y-axis and change in x-axis.  The instrument makes measurements every second so the slope 
is calculated from the change in absorption per every one second period. 
 
As seen above, the data does not represent the RTD in an easy to interpret manner.  This is due to 
the change in absorbance per second being very small.  To fix this problem multiple data points are 





Once a good interval for averaging the slopes is determined we normalize the data on both the x 
and y axis.  Normalizing the x-axis requires first finding the mean retention time. For a symmetric curve, 
is as simple as finding the time point that corresponds to half of the total change in absorbance. 
 
In this experiment the mean residence time was found to be 10.27 minutes.  This is higher than 
the 10-minute predicted residence time due to dead volume between the reactor and the detector.  In order 
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to normalize the RTD, the X-axis was divided by the mean residence time and the Y-axis was divided 
such that the total area under the curve was equal to one.  This allows the direct comparison of different 
RTD’s even at different residence times or using different numbers of averaged points.  
B.7 Droplet flow’s effect on residence time distribution 
 
The utilization of droplet flow was shown to drastically decrease the observed residence time 
distribution.  In this representative series, droplet flow was shown to improve the RTD of the most 
viscous sample tested (which even surpassed the least viscous sample).  However, under these conditions 
a distribution of reaction times is still observed. We hypothesize this is due to cross contamination of 
droplets originating from the thin film of liquid between droplets that has adhered to the fluoropolymer 
tubing. 
B.8 General tips for working with gas flow 
Incorporation of the gaseous phase into a flow reactor increases the complexity of the reaction 




B.8.1 Introducing the gas phase into the flow reactor 
 Gas is introduced into the reactor using a pressurized gas cylinder equipped with a standard 
pressure regulator. Connecting the regulator to the flow system can be achieved using a Swagelok 
connector that directly attaches to 1/8th in tubing. Downstream of the pressure regulator is a simple 
metering valve that can be manually adjusted to control the flow rate of the gaseous phase. The rate at 
which gas is delivered is proportional to how open the metering valve is as well as the pressure 
differential across the valve.  We found it easier to precisely control the flow rate when the pressure of the 
gas regulator was set slightly higher than the back-pressure regulator attached at the end of the flow 
reactor. The liquid and gaseous flows are then combined together using a T-mixer. The size of the argon 
bubbles introduced into the system can be tuned by changing the orifice size of the T-mixer where the 
liquid and gaseous phase meet.  The smaller the I.D. of the T-mixer, the smaller and more frequent the 
resulting gaseous bubbles. 
B.8.2 Controlling retention time using a gas-liquid biphasic system 
 Adding gas into a system introduces significant complications when trying to precisely target 
retention times due to its compressible nature. Often in liquid-only flow reactors retention times are 
calculated using the volumetric flow rate / total reactor volume. Due to the compressible nature of gas, the 
volume gas displaces within the reactor is affected by several factors including i. temperature, ii. System 
pressure and pressure drop, iii. Gas solubility in the liquid phase, and iv. Gaseous diffusion through the 
flow tubing.  Rather than use a volumetric measurement to measure retention time, visually measuring the 
speed of the travelling droplets within the flow tubing can be a viable alternative.  Using this method, an 
approximation of the retention time can be calculated from the speed of the droplet / the total reactor 
length. 
B.8.3 Other considerations 
 Within these gas-liquid biphasic systems, the liquid is the continuous phase, meaning that a thin 
film of liquid is constantly wetting polymer tubing and connects all liquid slugs within a system. This thin 
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film leads to small amounts of cross contamination between a liquid slug and the slugs immediately 
following it.   
To increase the reproducibility and precision for introducing gas into the system, the simple 
metering valve can be swapped out for a mass flow controller.  A mass flow controller precisely doses in 
a mass flow rate of gas, however, it should be noted that the same problems still persist when trying to 





APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER FOUR 
 
C.1 General methods and materials 
C.1.1 Reagents  
Azobisisobutyronitrile (AIBN), poly(ethylene glycol) methyl ether acrylate (PEGA, average 
molecular weight 480 g/mol), and 2-hydroxyethyl acrylate (HEA) were purchased from Sigma Aldrich 
(USA). 2,2,2-Trifluoroethyl acrylate (TFEA) and trifluoroacetic acid (TFA) were supplied by Oakwood 
Chemicals. V-70 azo initiator was purchased from Wako Chemicals (USA). Phosphate buffered saline 
(PBS) tablets were purchased from VWR Life Sciences. 2-(Methylsulfinyl)ethyl acrylate (MSEA)1,2, 
methyl-2-(butylthiocarbonothioylthiol)propanoate (MCEBTTC)3, hexafluorooxy-ethyl acrylate 
(HexaFOEA)4, and nonafluorooxy-ethyl acrylate (NonaFOEA)3 were synthesized according to previously 
reported procedures. All acrylic monomers were passed through an alumina column to remove inhibitor 
prior to use. 
Polymer purification was achieved using BIO-RAD 10DG Desalting Columns. These gravity-
flow size exclusion chromatography columns were stored in a 10 mM sodium phosphate, 10 mM NaCl, 
0.02% sodium azide buffer solution between experiments. 20 mL of deionized water was eluted through 
the column before use with crude polymer samples. 
C.1.2 Analysis 
Proton nuclear magnetic resonance spectra (1H NMR) were recorded on a Bruker model DRX 
400 MHz spectrometer with a solvent resonance as the internal standard (1H NMR: CDCl3 at 7.26 ppm or 
D2O at 4.79 ppm). Fluorine magnetic resonance spectra (19F NMR) were recorded on a Bruker model 
DRX 400 MHz for SNR experiments, or a Varian Inova 500 for relaxation experiments. Signal-to-noise 
(SNR) data were collected using standard 1D 19F experiments (ns=16) of polymer samples diluted to a 
concentration of 20 mg/mL in PBS/D2O (90/10, v/v). SNR was calculated using a Mestrenova script that 
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divided the peak height by signal noise. Correct shimming was monitored using a trifluoroacetic acid 
internal standard. 
Gel permeation chromatography (GPC) for samples were performed on an Agilent 1260 Infinity 
separation module liquid chromatograph equipped with two Agilent Resipore Columns (PL1113-6300) 
maintained at 50 °C, and an Agilent 1260 RID G1362A refractive index detector at 50 °C.  A solution of 
0.1 wt% LiBr in dimethylformamide (DMF) was used as the mobile phase at a flow rate of 1.0 mL/min. 
Molecular weight and dispersity data are reported relative to poly(ethylene oxide) standards. 
C.2 19F relaxation experiments  
The 19F T1 times of copolymers were measured using a standard inversion-recovery pulse 
sequence at 298 K. Samples were dissolved in a PBS/D2O buffer (90/10, v/v) at a concentration of 20 
mg/mL. The relaxation delay was 2.4 seconds, and the number of scans was 32. The 19F T2 times of 
copolymers were measured using the Carr−Purcell−Meiboom−Gill (CPMG) pulse sequence at 298 K. 
Samples were dissolved in a PBS/D2O buffer (90/10, v/v) at a concentration of 20 mg/mL. The relaxation 
delay was 1 second, and the number of scans was 32. Each measurement utilized echo times from 2 to 
512 ms, and 16 points were collected. The T2 was calculated by fitting the decay in amplitude of the spin 















50:50:0:0 333  30  
40:0:0:60 343  14 
55:25:20:0 362  12 








50:50:0:0 497  32  
30:0:0:70 495  42 
40:40:0:20 562  40 
40:30:15:15 500  43 
 
C.3 19F MRI images  
Images containing the polymer phantoms were acquired using the Bruker 9.4 T MRI (Bruker 
Biospin, Billerica, Massachusetts). Four polymer samples in 5ml syringes at a concentration of 20 mg/mL 
in 0.1 M PBS buffer were loaded in a custom made dual tuned 1H/19F volume coil. A Bruker standard 1H 
localizer sequence was used to verify sample positioning, frequency calibration, power calibration, and 
shimming. 19F Images were acquired using FLASH (TE=2.26ms, TR=50ms, FA=29.1, 








C.4 Representative gel permeation chromatograms 
All polymerizations started with a Monomer:CTA ratio of 200:1 and thus had similar molecular 
weights with slight variations due to monomeric units having different masses. The molecular weights 
ranged from 6,000 Da to 9,000 Da and the dispersity values ranged from 1.1 to 1.3. Representative GPC 
chromatograms shown below demonstrate the narrow, monomodal peaks characteristic of these polymers. 
 






























C.5 Flow setup 
 
Figure C.2 Droplet flow reactor schematic. 1.) Dimethylformamide wash fluid resevior. 2.) Vapourtec SF-10 
peristaltic pump, flow rate determines retention time. 3.) Harvard Apparatus PH.D Ultra syringe pump to withdraw 
reagents into sample loop. 4.) Rheodyne 2-position, 6-port, large bore switching valve. 5.) Extra tubing length to 
ensure homogenous mixing. 6.) Liquid handling unit for reagent selection. 7.) Heated aluminum reactor. 8.) 
Panasonic BE-A301 optical bubble sensor used to count passing liquid slugs. 9.) Fraction collector. 
The droplet flow reactor was designed to formulate individual copolymers within 300 uL slugs. 
This was achieved by using a syringe pump to withdraw precise amounts of reagents into the sample loop 
of a two position six port valve. Each slug was bordered by two nitrogen slugs that were withdrawn from 
a nitrogen backfilled vial loaded into the liquid handler. A nitrogen filled balloon was attached to keep the 
vial at a constant pressure. Once the reagents and nitrogen slugs were loaded into the sample loop of the 
valve, they we’re injected into the flow path of the reactor. The continuously flowing wash fluid then 
pushed the slugs out of the sample loop and toward the heated reactor.  
By combining dyes of different colors into the sample loop it was observed that mixing was 
efficient in this reactor setup, however an extra length of tubing was added before the heated reactor to 
ensure all reagents were homogeneously mixed before the thermally initiated reaction began. The total 
reaction time was estimated using the flow rate of the wash fluid and the internal volume of the tubing 
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within the heated reactor. This retention time is an estimation because the volume of gaseous slugs 
increases when heated, slightly shortening the effective retention time.  As the slugs exit the heated 
reactor they pass by a non-intrusive phase detector that measures the refractive index of the passing slugs. 
The difference in refractive index between liquid and gaseous slugs is then used to count how many slugs 
have passed by and relay that information to the fraction collector. An animation showing the working 
principles of this droplet flow reactor can be found in SI video x 
C.5.1 Automation of droplet flow reactor 
To achieve a higher sample throughput the droplet flow reaction sequence was automated using 
the program LabVIEW. Serial communication with the syringe pump was enabled using readily available 
drivers. To control other hardware components including the switching valve, phase sensor, fraction 
collector, and liquid handler, an arduino microcontroller was used. Communication between labVIEW 
and the arduino microcontroller was facilitated through a software package called LINX.  
C.5.2 Design considerations for droplet flow reactor 
One challenge with using a gaseous phase as the immiscible fluid in a droplet flow reactor is that 
the liquid phase coats the tubing walls with a thin film that mixes with and contaminates subsequent 
slugs. A few strategies were employed to minimize the impact of this slug contamination. The first was to 
use a wash slug between each copolymer slug. The second was choice of tubing material. Previous 
literature had shown FEP tubing to minimize the film volume left behind by passing slugs. FEP was 
observed to outperform PEEK tubing, stainless steel tubing, and even other fluoropolymer tubing.5 
Finally we found that using larger diameter tubing minimized the affect of slug cross contamination. At a 
similar flow rate slugs moving through a larger diameter tubular reactor travel at a slower velocity which 
leads to a thinner film thickness. Depending on reagent selection there is a maximum flow rate at which 
slugs become unstable due to high sheer forces at the tubing walls. Additionally, there is an upper limit on 
tubing diameter where slug flow becomes impossible. For this reactor, FEP tubing of 1/8” OD x 1/16” ID 
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and a flow rate of 300 µL/min were choosen to balance the need for high throughput screening while 
minimizing slug cross contaimination.  
Another challenge was implementing a back pressure regulator within this droplet flow reactor. A 
number of commercially available back pressure regulators were tried however they all struggled to 
maintain consistent flow of the slugs through the reactor. Due to extreme differences in viscosity between 
the gaseous and liquid slugs signficant sputtering occurred when gaseous slugs reached the back pressure 
regulator. Circumventing this problem neccessitated the use of higher boiling solvents (DMF) so that the 
system run without a back pressure regulator and still have minimal solvent vaporization within the flow 
tubing. Preliminary results have shown that more stable back pressure can be maintained using back 
pressure regulators such as the Vapourtech SF-10 pump. These pressure regulators work by using a 
peristaltic pump to remove fluid from the system and are not prone to the same sputtering issues.  
A bottle neck for the high throughput synthesis of copolymers in this flow system was the 
formulation of monomers within the sample loop of the two position six port valve. The small diameter 
channels in typical HPLC switching valves significantly restrict the flow rate of liquid being withdrawn 
into the sample loop, especially for viscous monomers such as PEGA. To overcome this issue and 
minimize the chance of clogging a large bore switching valve was used. 
C.6 Polymerization methodology 
Stock solutions of each monomer were prepared in 20 mL septa capped vials by running the 
monomer through an alumina plug and diluting with DMF until a monomer concentration of (2.5 M) was 
achieved. A stock solution containing AIBN, V-70 and CTA was prepared by mixing those reagents in 
DMF at a concentration of 30mM, 10mM, and 50mM respectively. These vials were loaded onto the 
liquid handler. A vial backfilled with Nitrogen and having a Nitrogen filled balloon as well as a vial 
designated for waste was also added to the liquid handler. 240 µL of monomer solution was combined 
with to 60 µL of AIBN, V-70, and CTA solution in the sample loop to afford a 300 µL slug with a final 
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concentration of Monomer:AIBN:V-70:CTA = 2M:6mM:2mM:10mM. Using data provided on a .CSV 
file, the automated reactor then synthesized 30 crude polymer samples each with a retention time of 30 
minutes at 80°C.  
The crude sample mixtures were transferred from the fraction collector to 30 individual Bio-Rad 
desalting SEC columns. Five mL of DI water was required to elute the polymer from the columns with 
the final two mL being the fraction containing polymer and being collected into a tared vial. Thirty vials 
containing two mL polymer fractions were loaded into a vacuum desiccator where the application of 
vacuum over two days removed all solvent resulting in pure polymer samples. The polymer samples were 
massed and solvated in a phosphate buffer/D2O solution to achieve a polymer concentration of 20 mg/mL. 
After sitting in solution for two hours, samples that had not been fully solvated were deemed insoluble. 














C.7 Copolymerization data set 
C.7.1 Analysis of experimental reproducibility 
To quantify experimental error 20 representative samples were run in triplicate. This variance in 
SNR values encompases the accumulative error across all experimental steps including synthesis, 
purification, and analysis. To accurately represent this error triplicate samples were run on different days, 
polymerized in a random order using different stock solutions, purified in different columns, and analyzed 
on different days. The samples with standard deviations of 19 and 15 are statistical outliers due to their 
deviation being greater than 1.5x the interquartile range of the data set. These two larger deviations are 
likely due to human error in sample handling and do not accurately represent the reproducibity of the 
experimental workflow. 
Table C.2 statistical analysis of polymer synthesis 20 randomly choosen samples run in triplicate to quantify 
experimental error. 
 










0% 0% 20% 40% 40% 0% 55 ± 3
0% 0% 30% 0% 0% 70% 87 ± 7
0% 0% 40% 30% 15% 15% 90 ± 1
0% 0% 40% 40% 0% 20% 89 ± 4
0% 0% 40% 60% 0% 0% 62 ± 19
0% 0% 50% 50% 0% 0% 99 ± 1
0% 0% 60% 40% 0% 0% 89 ± 7
0% 40% 0% 0% 0% 60% 91 ± 6
0% 50% 0% 15% 10% 25% 101 ± 3
0% 50% 0% 50% 0% 0% 89 ± 8
0% 55% 0% 25% 20% 0% 106 ± 5
10% 10% 20% 20% 10% 30% 64 ± 4
10% 10% 20% 20% 40% 0% 71 ± 2
10% 55% 5% 25% 5% 0% 77 ± 10
15% 25% 5% 50% 5% 0% 47 ± 15
30% 0% 0% 60% 10% 0% 28 ± 3
35% 0% 0% 55% 10% 0% 32 ± 2
40% 0% 0% 35% 0% 25% 37 ± 3
40% 0% 0% 50% 10% 0% 37 ± 4




Figure C.3 Visualized active learning steps. Representation of 2-D structure space with SNR overlaid. 








C.7.2 Parallel coordinate diagrams 
 
Figure C.4 Parallel coordinate diagram of high performing materials. Composition data is sorted into 




Figure C.5 Parallel coordinate diagram of lower performing materials. Composition data is sorted into 





Figure C.6 Parallel coordinate diagram of insoluble materials. Composition data is sorted into 5% bins 
and slightly offset to improve clairty. 
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0% 0% 10% 90% 0% 0% 20 3.7% - -
0% 0% 20% 30% 0% 50% 47 11.7% 7100 1.25
0% 0% 20% 30% 50% 0% 61 12.7% 8100 1.16
0% 0% 20% 40% 0% 40% 46 10.6% 7800 1.26
0% 0% 20% 40% 40% 0% 51 11.2% - -
0% 0% 20% 40% 40% 0% 56 11.2% - -
0% 0% 20% 40% 40% 0% 57 11.2% 8400 1.19
0% 0% 20% 80% 0% 0% 30 7.6% - -
0% 0% 25% 50% 0% 25% 56 11.7% 6900 1.34
0% 0% 30% 0% 0% 70% 77 24.0% - -
0% 0% 30% 0% 0% 70% 83 24.0% - -
0% 0% 30% 0% 0% 70% 84 24.0% - -
0% 0% 30% 0% 0% 70% 88 24.0% - -
0% 0% 30% 0% 0% 70% 89 24.0% - -
0% 0% 30% 0% 0% 70% 90 24.0% - -
0% 0% 30% 0% 0% 70% 99 24.0% - -
0% 0% 30% 0% 5% 65% X 24.3% 5200 1.17
0% 0% 30% 0% 70% 0% X 28.3% - -
0% 0% 30% 10% 0% 60% 73 20.9% 6500 1.24
0% 0% 30% 10% 0% 60% 76 20.9% 6100 1.26
0% 0% 30% 10% 25% 35% 86 21.9% 6200 1.19
0% 0% 30% 10% 35% 25% 79 22.4% 7200 1.13
0% 0% 30% 20% 30% 20% 80 19.5% 7400 1.21
0% 0% 30% 70% 0% 0% 56 11.8% - -
0% 0% 35% 10% 0% 55% 86 23.5% 5800 1.17
0% 0% 35% 10% 10% 45% X 24.0% - -
0% 0% 35% 10% 25% 30% 84 24.7% 6300 1.19
0% 0% 35% 15% 20% 30% 89 22.9% 6700 1.18
0% 0% 35% 20% 10% 35% 87 21.3% 7500 1.16
0% 0% 40% 10% 10% 40% 94 26.5% 7200 1.14
0% 0% 40% 30% 0% 30% 78 21.0% 7300 1.14
0% 0% 40% 30% 5% 25% 80 21.1% 7600 1.13
0% 0% 40% 30% 10% 20% 86 21.3% - -
0% 0% 40% 30% 15% 15% 89 21.4% - -
0% 0% 40% 30% 15% 15% 90 21.4% - -
0% 0% 40% 30% 15% 15% 91 21.4% 7600 1.17
0% 0% 40% 35% 0% 25% 91 20.0% 7400 1.21
0% 0% 40% 40% 0% 20% 83 19.1% - -
0% 0% 40% 40% 0% 20% 90 19.1% - -
0% 0% 40% 40% 0% 20% 90 19.1% - -
0% 0% 40% 40% 0% 20% 91 19.1% 8200 1.17
0% 0% 40% 40% 0% 20% 93 19.1% - -
0% 0% 40% 40% 5% 15% 83 19.2% 8000 1.19
0% 0% 40% 40% 10% 10% X 19.3% - -



















0% 0% 40% 40% 20% 0% 91 19.6% - -
0% 0% 40% 40% 20% 0% 93 19.6% 8400 1.16
0% 0% 40% 50% 0% 10% 85 17.5% 7400 1.28
0% 0% 40% 60% 0% 0% 47 16.2% - -
0% 0% 40% 60% 0% 0% 83 16.2% - -
0% 0% 45% 30% 0% 25% 75 23.0% 6200 1.26
0% 0% 45% 30% 15% 10% 84 23.5% 6800 1.26
0% 0% 45% 45% 5% 5% 88 20.2% 8200 1.18
0% 0% 45% 50% 0% 5% 95 19.3% 8600 1.15
0% 0% 50% 20% 0% 30% X 27.4% - -
0% 0% 50% 30% 0% 20% 96 24.9% - -
0% 0% 50% 30% 20% 0% X 25.6% - -
0% 0% 50% 50% 0% 0% 63 21.0% - -
0% 0% 50% 50% 0% 0% 98 21.0% - -
0% 0% 50% 50% 0% 0% 98 21.0% - -
0% 0% 50% 50% 0% 0% 99 21.0% - -
0% 0% 50% 50% 0% 0% 100 21.0% - -
0% 0% 55% 20% 20% 5% 44 30.2% - -
0% 0% 55% 20% 20% 5% 49 30.2% - -
0% 0% 55% 45% 0% 0% 83 23.5% 7200 1.22
0% 0% 60% 40% 0% 0% 86 26.1% - -
0% 0% 60% 40% 0% 0% 97 26.1% - -
0% 0% 65% 35% 0% 0% X 28.8% - -
0% 0% 80% 10% 0% 10% X 41.2% - -
0% 5% 35% 20% 20% 20% 94 23.2% 7200 1.24
0% 5% 35% 20% 40% 0% 101 24.0% 8400 1.11
0% 5% 35% 25% 15% 20% 79 21.8% 6800 1.19
0% 5% 35% 30% 0% 30% 67 20.3% 7200 1.24
0% 5% 35% 40% 15% 5% 71 18.8% 8200 1.14
0% 5% 45% 25% 0% 25% 97 25.5% 7900 1.19
0% 5% 45% 30% 0% 20% 95 24.3% 8600 1.12
0% 5% 50% 20% 0% 25% X 28.8% - -
0% 5% 55% 25% 0% 15% X 29.2% - -
0% 10% 0% 10% 30% 50% 85 6.0% - -
0% 10% 0% 10% 60% 20% 39 6.5% - -
0% 10% 0% 90% 0% 0% 26 2.5% - -
0% 10% 10% 0% 40% 40% 39 16.6% - -
0% 10% 20% 10% 0% 60% 57 19.1% 7000 1.21
0% 10% 20% 30% 20% 20% 57 15.6% 7200 1.25
0% 10% 30% 20% 10% 30% 73 22.1% - -
0% 10% 30% 30% 15% 15% 70 20.1% 6600 1.2
0% 10% 30% 50% 10% 0% 72 16.6% - -
0% 10% 35% 15% 20% 20% 89 26.3% 7600 1.1
0% 10% 35% 20% 30% 5% 80 25.2% 8400 1.07



















0% 10% 35% 40% 0% 15% 78 19.8% - -
0% 10% 35% 40% 5% 10% 82 19.9% 8600 1.16
0% 10% 40% 10% 0% 40% X 29.2% - -
0% 10% 40% 15% 0% 35% X 27.6% - -
0% 10% 40% 25% 0% 25% 91 24.9% 7500 1.17
0% 10% 45% 35% 5% 5% X 24.6% - -
0% 10% 45% 40% 0% 5% 98 23.4% 8200 1.13
0% 10% 55% 15% 5% 15% X 33.7% - -
0% 15% 30% 35% 0% 20% 60 20.1% 7400 1.24
0% 15% 30% 40% 10% 5% 73 19.4% - -
0% 15% 35% 25% 20% 5% 98 25.0% 8400 1.09
0% 15% 45% 25% 0% 15% X 28.1% - -
0% 20% 0% 10% 40% 30% 41 11.6% 7600 1.2
0% 20% 0% 40% 10% 30% 33 7.5% 7600 1.25
0% 20% 0% 80% 0% 0% 29 5.2% - -
0% 20% 10% 0% 0% 70% 42 19.9% - -
0% 20% 10% 0% 20% 50% 42 20.9% - -
0% 20% 15% 50% 0% 15% 40 13.2% 8000 1.28
0% 20% 20% 30% 30% 0% 59 19.1% - -
0% 20% 20% 40% 0% 20% 53 16.5% - -
0% 20% 30% 30% 10% 10% 74 22.8% - -
0% 20% 30% 35% 10% 5% X 21.7% - -
0% 20% 30% 40% 0% 10% 67 20.5% - -
0% 20% 30% 40% 10% 0% 74 20.7% 7700 1.19
0% 20% 35% 10% 0% 35% X 30.1% - -
0% 20% 40% 40% 0% 0% X 24.1% - -
0% 25% 30% 20% 0% 25% X 26.3% - -
0% 25% 35% 35% 0% 5% 92 24.6% - -
0% 30% 0% 20% 50% 0% 65 14.6% 8600 1.27
0% 30% 0% 30% 10% 30% 57 12.0% - -
0% 30% 0% 40% 0% 30% 57 10.7% 7600 1.26
0% 30% 0% 40% 30% 0% 60 11.1% 8500 1.14
0% 30% 0% 50% 0% 20% 49 9.7% 8200 1.27
0% 30% 0% 70% 0% 0% 43 8.2% - -
0% 30% 10% 40% 10% 10% 53 15.4% - -
0% 30% 10% 40% 20% 0% 58 15.6% 7700 1.25
0% 30% 20% 40% 10% 0% 49 19.5% 8500 1.15
0% 30% 30% 40% 0% 0% 78 23.0% 7500 1.25
0% 30% 35% 30% 0% 5% X 26.9% - -
0% 30% 40% 5% 5% 20% X 37.2% - -
0% 30% 40% 10% 0% 20% X 34.9% - -
0% 30% 45% 10% 0% 15% X 36.7% - -
0% 30% 50% 10% 0% 10% X 38.5% - -
0% 35% 0% 0% 0% 65% 87 20.1% 6600 1.22


















0% 45% 25% 30% 0% 0% X 27.1% - -
0% 50% 0% 0% 0% 50% X 26.6% - -
0% 50% 0% 0% 15% 35% X 27.5% - -
0% 50% 0% 0% 20% 30% X 27.8% - -
0% 50% 0% 0% 25% 25% X 28.1% - -
0% 50% 0% 0% 30% 20% X 28.4% - -
0% 50% 0% 5% 20% 25% X 25.8% - -
0% 50% 0% 10% 10% 30% X 23.6% - -
0% 50% 0% 15% 10% 25% 99 22.2% - -
0% 50% 0% 15% 10% 25% 99 22.2% - -
0% 50% 0% 15% 10% 25% 100 22.2% - -
0% 50% 0% 15% 10% 25% 104 22.2% - -
0% 50% 0% 15% 10% 25% 105 22.2% - -
0% 50% 0% 15% 35% 0% X 23.2% - -
0% 50% 0% 20% 30% 0% 103 21.6% 7200 1.26
0% 50% 0% 35% 10% 5% 91 17.8% 7500 1.21
0% 50% 0% 50% 0% 0% 82 15.3% - -
0% 50% 0% 50% 0% 0% 86 15.3% - -
0% 50% 0% 50% 0% 0% 87 15.3% - -
0% 50% 0% 50% 0% 0% 100 15.3% - -
0% 50% 5% 0% 15% 30% X 30.4% - -
0% 50% 5% 0% 20% 25% X 30.7% - -
0% 50% 5% 0% 25% 20% X 31.0% - -
0% 50% 5% 10% 15% 20% X 26.5% - -
0% 50% 5% 10% 20% 15% X 26.7% - -
0% 50% 5% 15% 15% 15% X 24.9% - -
0% 50% 5% 15% 25% 5% X 25.3% - -
0% 50% 5% 20% 0% 25% 81 22.9% 8300 1.14
0% 50% 5% 20% 20% 5% X 23.6% - -
0% 50% 5% 40% 0% 5% 88 18.7% 6300 1.39
0% 50% 10% 20% 0% 20% X 25.1% - -
0% 50% 10% 25% 5% 10% X 24.0% - -
0% 50% 20% 25% 5% 0% X 28.0% - -
0% 55% 0% 0% 30% 15% X 30.5% - -
0% 55% 0% 10% 15% 20% X 25.7% - -
0% 55% 0% 10% 20% 15% X 25.9% - -
0% 55% 0% 15% 0% 30% 101 23.5% 8200 1.14
0% 55% 0% 15% 10% 20% 92 23.9% 8500 1.13
0% 55% 0% 25% 20% 0% 97 21.6% - -
0% 55% 0% 25% 20% 0% 106 21.6% - -
0% 55% 0% 25% 20% 0% 107 21.6% - -
0% 55% 0% 25% 20% 0% 108 21.6% 8500 1.14
0% 55% 0% 25% 20% 0% 111 21.6% - -
0% 55% 5% 0% 20% 20% X 32.6% - -


















0% 35% 10% 15% 40% 0% X 23.3% - -
0% 35% 20% 0% 0% 45% X 31.8% - -
0% 35% 25% 10% 0% 30% X 30.2% - -
0% 35% 25% 25% 10% 5% X 26.1% - -
0% 35% 30% 30% 5% 0% X 26.6% - -
0% 40% 0% 0% 0% 60% 84 22.4% - -
0% 40% 0% 0% 0% 60% 88 22.4% - -
0% 40% 0% 0% 0% 60% 90 22.4% - -
0% 40% 0% 0% 0% 60% 93 22.4% - -
0% 40% 0% 0% 0% 60% 99 22.4% 8200 1.17
0% 40% 0% 10% 10% 40% 64 19.7% - -
0% 40% 0% 10% 15% 35% 84 19.9% 6500 1.19
0% 40% 0% 10% 30% 20% 86 20.6% 6700 1.27
0% 40% 0% 10% 40% 10% X 21.0% 6800 1.21
0% 40% 0% 15% 5% 40% 87 18.3% - -
0% 40% 0% 15% 10% 35% 95 18.5% 7700 1.21
0% 40% 0% 15% 25% 20% 79 19.0% - -
0% 40% 0% 20% 20% 20% 90 17.7% 7200 1.27
0% 40% 0% 30% 0% 30% 79 15.2% - -
0% 40% 0% 50% 0% 10% 81 12.6% 8200 1.25
0% 40% 0% 50% 10% 0% 81 12.7% 8200 1.27
0% 40% 0% 60% 0% 0% 69 11.6% - -
0% 40% 5% 30% 15% 10% 57 18.0% - -
0% 40% 5% 30% 20% 5% 79 18.1% - -
0% 40% 5% 30% 25% 0% 67 18.3% 6100 1.3
0% 40% 10% 20% 30% 0% 65 23.2% 7200 1.26
0% 40% 10% 30% 0% 20% 70 19.8% 7800 1.19
0% 40% 10% 30% 5% 15% 62 20.0% 7600 1.16
0% 40% 10% 35% 5% 10% 72 19.0% 7600 1.26
0% 40% 10% 35% 10% 5% 67 19.1% 8600 1.21
0% 40% 10% 40% 10% 0% 74 18.2% 7700 1.27
0% 40% 10% 50% 0% 0% 73 16.5% 9000 1.19
0% 40% 15% 10% 5% 30% X 27.5% - -
0% 40% 15% 20% 25% 0% X 25.3% - -
0% 40% 20% 40% 0% 0% 69 21.8% 7900 1.21
0% 40% 25% 25% 10% 0% X 27.5% - -
0% 40% 30% 30% 0% 0% X 27.6% - -
0% 45% 0% 10% 15% 30% 95 21.9% 7400 1.19
0% 45% 0% 25% 5% 25% X 17.9% - -
0% 45% 5% 30% 0% 20% 74 19.1% 6700 1.2
0% 45% 5% 35% 0% 15% 76 18.2% 8200 1.17
0% 45% 5% 35% 5% 10% X 18.3% - -
0% 45% 5% 40% 5% 5% 77 17.5% 7900 1.28
0% 45% 15% 35% 0% 5% 70 22.2% - -


















0% 55% 5% 10% 15% 15% X 28.2% - -
0% 55% 5% 15% 25% 0% X 27.0% - -
0% 60% 0% 0% 0% 40% X 30.5% - -
0% 60% 0% 5% 20% 15% X 29.6% - -
0% 60% 0% 5% 30% 5% X 30.2% - -
0% 60% 0% 15% 5% 20% X 25.3% - -
0% 60% 0% 20% 0% 20% 82 23.7% 8000 1.17
0% 60% 0% 20% 0% 20% 101 23.7% 7800 1.18
0% 60% 0% 25% 0% 15% 91 22.5% 6900 1.27
0% 60% 0% 25% 10% 5% 97 22.8% 8500 1.14
0% 60% 0% 40% 0% 0% 109 19.4% - -
0% 60% 5% 0% 20% 15% X 34.3% - -
0% 60% 5% 5% 5% 25% X 31.2% - -
0% 60% 5% 20% 0% 15% 69 25.9% 7400 1.11
0% 60% 10% 25% 5% 0% X 26.8% - -
0% 65% 0% 0% 15% 20% X 33.2% - -
0% 65% 0% 15% 0% 20% X 26.7% - -
0% 65% 0% 15% 5% 15% X 26.9% - -
0% 65% 0% 20% 0% 15% X 25.3% - -
0% 65% 0% 25% 0% 10% X 24.0% - -
0% 65% 0% 25% 10% 0% 101 24.3% - -
0% 65% 5% 0% 5% 25% X 35.0% - -
0% 65% 5% 25% 0% 5% X 26.0% - -
0% 70% 0% 0% 15% 15% X 35.0% - -
0% 70% 0% 0% 30% 0% X 36.1% - -
0% 70% 0% 15% 5% 10% X 28.5% - -
0% 70% 0% 25% 5% 0% X 25.6% - -
0% 75% 0% 15% 5% 5% X 29.9% - -
0% 75% 0% 20% 0% 5% X 28.1% - -
5% 0% 40% 30% 10% 15% 86 22.2% 7700 1.16
5% 0% 40% 45% 5% 5% 80 19.2% 7600 1.26
5% 0% 45% 10% 10% 30% X 30.0% - -
5% 0% 60% 35% 0% 0% X 28.0% - -
5% 5% 5% 80% 5% 0% 17 4.0% 8520 1.25
5% 5% 25% 30% 20% 15% 64 17.3% - -
5% 5% 45% 20% 0% 25% X 27.8% - -
5% 5% 50% 40% 0% 0% X 24.7% - -
5% 10% 20% 25% 40% 0% 45 18.1% 6900 1.17
5% 10% 35% 20% 30% 0% X 26.3% - -
5% 10% 35% 30% 20% 0% 90 23.3% 7600 1.18
5% 10% 55% 10% 20% 0% X 37.4% - -
5% 20% 30% 5% 40% 0% X 33.2% - -
5% 20% 40% 15% 0% 20% X 31.4% - -
5% 25% 15% 35% 20% 0% 32 18.1% 6740 1.18


















5% 50% 0% 5% 15% 25% X 26.9% - -
5% 50% 0% 10% 0% 35% X 24.4% - -
5% 50% 0% 10% 10% 25% X 24.8% - -
5% 50% 0% 10% 15% 20% X 25.1% - -
5% 50% 5% 35% 0% 5% 81 20.5% 6900 1.3
5% 55% 0% 15% 0% 25% 101 24.6% - -
5% 55% 0% 20% 0% 20% X 23.2% - -
5% 55% 0% 20% 15% 5% X 23.8% - -
5% 60% 0% 25% 0% 10% 101 23.5% 8500 1.17
5% 60% 0% 25% 10% 0% 108 23.8% - -
5% 65% 0% 25% 0% 5% 94 24.9% 9400 1.09
5% 65% 0% 25% 5% 0% X 25.1% - -
5% 70% 0% 10% 0% 15% X 31.0% - -
5% 75% 5% 10% 5% 0% X 34.9% - -
10% 0% 0% 0% 70% 20% 52 4.4% 5700 1.48
10% 0% 0% 90% 0% 0% 15 1.3% - -
10% 0% 20% 60% 0% 10% 45 10.3% 8200 1.3
10% 0% 30% 10% 10% 40% 81 23.7% - -
10% 0% 35% 25% 15% 15% 88 22.3% 8300 1.19
10% 0% 35% 30% 0% 25% 79 20.7% 6600 1.23
10% 0% 40% 10% 20% 20% 58 29.3% - -
10% 0% 40% 25% 5% 20% X 24.1% - -
10% 0% 40% 25% 10% 15% 87 24.3% 8100 1.16
10% 0% 40% 30% 10% 10% 97 23.1% - -
10% 0% 50% 30% 0% 10% X 26.6% - -
10% 5% 30% 20% 10% 25% 76 22.6% 6700 1.21
10% 5% 35% 40% 5% 5% 77 20.3% - -
10% 5% 35% 40% 10% 0% 77 20.4% 7700 1.2
10% 5% 40% 0% 25% 20% X 35.6% - -
10% 5% 40% 10% 15% 20% X 30.7% - -
10% 5% 40% 10% 20% 15% X 30.9% - -
10% 5% 40% 20% 5% 20% 85 26.9% 8300 1.1
10% 5% 40% 20% 10% 15% X 27.1% - -
10% 5% 40% 25% 5% 15% 80 25.5% - -
10% 5% 55% 10% 0% 20% X 36.0% - -
10% 10% 0% 10% 10% 60% 22 8.6% 9900 1.35
10% 10% 10% 50% 10% 10% 27 10.0% 13000 1.35
10% 10% 10% 60% 0% 10% 20 9.0% 8200 1.3
10% 10% 15% 20% 25% 20% 39 17.1% 7400 1.27
10% 10% 20% 20% 10% 30% 61 19.3% - -
10% 10% 20% 20% 10% 30% 63 19.3% - -
10% 10% 20% 20% 10% 30% 68 19.3% 7800 1.17
10% 10% 20% 20% 40% 0% 69 20.4% - -
10% 10% 20% 20% 40% 0% 71 20.4% - -


















10% 10% 30% 20% 10% 20% 82 24.2% - -
10% 10% 40% 20% 20% 0% X 29.0% - -
10% 10% 45% 10% 10% 15% X 34.0% - -
10% 10% 45% 15% 5% 15% X 31.9% - -
10% 15% 40% 25% 0% 10% X 28.0% - -
10% 20% 10% 0% 10% 50% 47 23.4% 6300 1.46
10% 20% 10% 30% 0% 30% 44 15.5% 7500 1.21
10% 20% 20% 10% 10% 30% 55 25.7% 7900 1.15
10% 20% 30% 10% 0% 30% X 30.0% - -
10% 20% 40% 0% 10% 20% X 39.3% - -
10% 25% 40% 5% 0% 20% X 37.7% - -
10% 30% 0% 30% 30% 0% 73 14.6% 7800 1.23
10% 30% 0% 40% 0% 20% 64 12.5% 7800 1.26
10% 30% 10% 40% 10% 0% 52 17.2% 8800 1.19
10% 40% 0% 40% 0% 10% 74 15.5% - -
10% 40% 0% 40% 10% 0% 74 15.8% 9300 1.2
10% 40% 5% 30% 10% 5% X 19.8% - -
10% 40% 5% 35% 0% 10% 62 18.5% 7200 1.24
10% 40% 10% 10% 10% 20% X 27.6% - -
10% 50% 0% 20% 0% 20% 63 22.6% - -
10% 50% 0% 20% 20% 0% X 23.4% - -
10% 50% 0% 40% 0% 0% 89 18.4% - -
10% 50% 10% 0% 10% 20% X 35.3% - -
10% 50% 10% 30% 0% 0% 57 24.5% - -
10% 55% 5% 20% 10% 0% X 26.9% - -
10% 55% 5% 25% 5% 0% 68 25.3% - -
10% 55% 5% 25% 5% 0% 76 25.3% - -
10% 55% 5% 25% 5% 0% 88 25.3% 6470 1.13
10% 60% 10% 20% 0% 0% X 29.9% - -
15% 0% 40% 40% 0% 5% 87 21.6% - -
15% 10% 40% 5% 30% 0% X 36.5% - -
15% 25% 5% 50% 5% 0% 27 12.9% 7500 1.22
15% 25% 5% 50% 5% 0% 49 12.9% - -
15% 25% 5% 50% 5% 0% 49 12.9% - -
15% 25% 5% 50% 5% 0% 63 12.9% - -
20% 0% 0% 0% 80% 0% 53 9.2% - -
20% 0% 0% 80% 0% 0% 24 2.7% - -
20% 0% 30% 0% 10% 40% X 30.2% - -
20% 0% 30% 20% 0% 30% 72 22.7% - -
20% 0% 40% 20% 0% 20% X 27.2% - -
20% 0% 40% 40% 0% 0% 85 22.4% - -
20% 10% 20% 40% 10% 0% 57 17.4% 7700 1.23
20% 20% 0% 40% 0% 20% 46 11.1% 8400 1.22
20% 20% 10% 20% 30% 0% X 20.7% - -


















20% 20% 30% 30% 0% 0% X 26.0% 8900 1.14
20% 40% 5% 35% 0% 0% 73 20.4% 6400 1.17
25% 0% 25% 30% 20% 0% 78 19.7% 6700 1.33
25% 15% 0% 0% 35% 25% X 19.6% - -
25% 25% 25% 10% 15% 0% X 33.6% - -
25% 35% 20% 10% 10% 0% X 34.2% - -
30% 0% 0% 60% 10% 0% 26 4.9% 7100 1.38
30% 0% 0% 60% 10% 0% 26 4.9% 7800 1.32
30% 0% 0% 60% 10% 0% 27 4.9% 9400 1.21
30% 0% 0% 60% 10% 0% 28 4.9% 9400 1.19
30% 0% 0% 60% 10% 0% 33 4.9% 9100 1.24
30% 0% 0% 70% 0% 0% 27 4.5% - -
30% 0% 15% 0% 40% 15% X 25.6% - -
30% 0% 20% 40% 10% 0% 55 16.2% 7700 1.2
30% 10% 0% 20% 40% 0% X 13.2% - -
30% 10% 30% 10% 0% 20% X 31.5% - -
30% 10% 50% 0% 0% 10% X 44.5% - -
30% 30% 0% 20% 10% 10% X 20.5% - -
35% 0% 0% 10% 30% 25% 39 11.3% 7400 1.2
35% 0% 0% 55% 10% 0% 30 6.1% 8800 1.2
35% 0% 0% 55% 10% 0% 31 6.1% 9400 1.16
35% 0% 0% 55% 10% 0% 31 6.1% 8500 1.21
35% 0% 0% 55% 10% 0% 32 6.1% 7000 1.35
35% 0% 0% 55% 10% 0% 34 6.1% 9200 1.2
35% 0% 20% 40% 0% 5% 56 16.9% 7500 1.26
35% 5% 35% 10% 15% 0% X 34.2% - -
35% 5% 35% 20% 5% 0% X 29.9% - -
35% 15% 15% 25% 10% 0% 48 22.7% 8000 1.13
40% 0% 0% 5% 55% 0% X 15.3% - -
40% 0% 0% 35% 0% 25% 34 8.4% - -
40% 0% 0% 35% 0% 25% 37 8.4% - -
40% 0% 0% 35% 0% 25% 40 8.4% 7900 1.25
40% 0% 0% 50% 10% 0% 33 7.3% 8500 1.21
40% 0% 0% 50% 10% 0% 34 7.3% 8700 1.21
40% 0% 0% 50% 10% 0% 37 7.3% 8600 1.22
40% 0% 0% 50% 10% 0% 37 7.3% 8600 1.21
40% 0% 0% 50% 10% 0% 43 7.3% 6800 1.36
40% 0% 0% 60% 0% 0% 33 6.5% - -
40% 0% 10% 30% 20% 0% 44 15.2% 8500 1.25
40% 10% 0% 15% 15% 20% 41 16.3% 6800 1.3
40% 40% 10% 10% 0% 0% X 34.3% - -
50% 0% 0% 50% 0% 0% 51 9.0% - -
50% 0% 30% 10% 0% 10% X 33.0% - -
50% 5% 10% 5% 30% 0% X 28.1% - -




Table C.3 Cumulative experimental data. Shaded regions represent samples run more than once. aSamples 



























60% 0% 0% 30% 10% 0% 41 13.8% 9400 1.12
60% 0% 0% 30% 10% 0% 48 13.8% 6900 1.23
60% 0% 0% 30% 10% 0% 49 13.8% 14400 1.29
60% 0% 0% 30% 10% 0% 50 13.8% 4600 1.37
60% 0% 0% 40% 0% 0% 31 12.0% - -
60% 0% 0% 40% 0% 0% 47 12.0% - -
60% 0% 0% 40% 0% 0% 52 12.0% - -
65% 0% 0% 5% 0% 30% X 21.4% - -
65% 0% 0% 15% 15% 5% X 18.7% - -
70% 0% 0% 30% 0% 0% 55 15.8% - -
75% 0% 0% 0% 5% 20% X 27.8% - -
80% 0% 0% 10% 0% 10% X 24.3% - -
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